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Assistant Commissioner for Patents 
Washington, D.C. 20231 

Dear Sir: 

I, Jeffrey S. Glerai, declare as follows: 

1 . I am the sole inventor of the subject matter claimed in the above-referenced 
application. 



2 . I have conducted experiments demonstrating that: 

1) the prenylation inhibitors FTI-S?? and FTI-21 53 can be used to treat hepatitis 
delta virus (HDV) infection in vivo; and 

2) FTI-277 and FTI-21 53 can effectively inhibit the production of HDV virions at 
a concentration that is not toxic to the testing animals. 
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These experimental results are set forth in the following paragraphs 3*4 and in attached 
Figures 1 A-D. 

3- HBV-traiisgenic mice were inoculated by hydrodynamic transfection to initiate 
authentic HDV genome replication. Mice were treated for one week by IP injection with vehicle 
alone (Figure 1 A and IB^ lanes 1 and 6), vehicle + 50 mg/kg/day FTI-277 (Figure 1 A and IB, 
lanes 2-5), or vehicle + 50 mg/kg/day FTI-2153 (Figure 1 A and IB, lanes 7-10). Serum samples 
were then anedyzed for HDV virions by RT-PCR analysis (Figure 1 A and IB, lanes 1-10). The 
primers used in the RT-PCR assay yield a 540 bp fragment only in the presence of circular viral 
genomic RNA, as found in virions. The production and release of HDV virions into the serum, 
was con^letely eliminated in the groups treated with prenylation inhibitors. 

4. Non-specific toxicity of the FTI-277 and FTI-2153 on the testing animals was 
assessed by alanine aminotransferase (ALT) assays, which is a standard "liver function" test, 
(Figure IC and ID) performed on aliquots of the corresponding serum samples from Figure 1 A 
and IB. For the dosages tested, on average, animals treated with FTI-277 have the same level of 
ALT as the placebo and animals treated with FTI-2153 have lower level of ALT than the 
placebo, 

5. Taken together, the above results demonstrate that the prenylation inhibitors FTI- 
277 and FTI-2153 can effectively inhibit HDV virion production in vivo. This inhibition is not 
associated with, and cannot be explained by, non-specific toxicity in the testing animals. 

I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
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punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false sutements may jeopardize the validity of ihe application, any 
patent issuing thereon, or any patent to which this verified statement is directed, 
Executed at Palo Alto, California, on f%J/UM-^ C . 2002, 
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ABSTRACT 

Farn«syitransferfts« inhibitors (FTIs) ncre d«velop«<} to 
target abnormal signaling pathways that are commonly ac- 
tivated in neoptastfc cdl$. Five FTI9 have recently under- 
gone Phase I testing; and two are carrently in Phase II 
clinical trials. As part of the development of these a^Eents, 
there has been interest in determining their cellular effects 
in the clinical setting. Several approaches have been pro- 
posed, including measarement of FT enzymatic activity, 
evaluation of the processing of FT polypeptide substrates, 
and assessment of the accumulation of p21'**'^. In the pres> 
cnt study, a number of these a<isays have been compared in 
four cultured human neoplastic cell lines of different histol- 
ogy (A549, HCril6, BxPC'3, and MCF-7) after treatment 
with the nonpeptidomimetic FTI SCH66336 and the pep- 
tidomimetic inhibitor FTI-277. Immunoblotting studies 
failed to demonstrate a mobility shift in ras proteins or 
increased accumulation of pZl'*"'^ after treatment with 
these agents. In contrast, drug-induced increases in the 
slower migrating, unprocessed species of the chaperone pro- 
tein UDJ-2 and the innranuclear intermediate filament pro- 
tein lamin A were detected in all four cell linesi after treat- 
ment with either agent. Unprocessed forms of both 
polypeptides accumulated in noncycling as well as cycling 
cells. The precursor peptide that is present in prdamin A 
but absent from mature lamin A could be readily detected 
by immunohJstoehemistry in noncycling cells with a peptide- 
specific antiserum. Our results Indicate that unprocessed 
HDJ-2 and prclamin A should be suitable markers of FT 
inhibition In clinical samples. 
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INTROnUCTION 

FT^ catalyzes the first step in the posttranslational inodifica- 
tton of a small number of celhilar polypeptides (1, 2). Among the 
polypeptide substrates of FT are the tas proteins, which are mutated 
in —30% of human cancers (3). As a result of early reports 
indicsting that famcsylation was roquLrcd for maturation of ras 
proteins, there has been extensive interest in FT as a potential target 
of antineoplastic therapy (4-S). To date, at least five different FTISj 
RI 15777, L778123, BMS214662, and Fn-277 have 
entered clinical testing. 

Because these compounds arc among the first potential 
anticancer drugs that inhibit aberrantly activated signal trans- 
duction pathways in neoplastic cells» there ts considerable in- 
terest in assessing their cellular and subcellular effect^ in the 
clinical setting. Concepmally, assays of FTI action could servo 
two purposes. In early clinical trials, these assays wilt be re- 
quired to determine whether FT has been inhibited at drug 
concentfattons that are achievable in the clinical setting. In later 
clinical trials^ these assays could potentially provide an early 
marker of drug efficacy if a strong correlation between assay 
results and chmcal outcome can be established. A variety of 
assays have been proposed for these pxnposes. 

Because the postttanslational processing of ras provided 
the initial rationale for the clinical development of FTIs (7-lO)» 
many earlier studies fociised on alterations in ras itself. FT 
inhibition residts in altered mobility of H-ras on SDS-polyacryl- 
amide gels, particularly when H-ra$-tran$fccted murine cells are 
examined (7, 1 1-14). Unfortunately, the existence of alternative 
prenylation pathways makes it diftlcult to detect altered proc- 
essing of otijer ras isofbrms after FT inhibition in many cells 
(15, 16). Mon?ovcr, a number of different observations have 
raised the possibility that other FT substrates, notably RhoB, 
might be involved in the antiproliferative effects of FTIs (4, 10, 
17—19). These considerations have prompted investigators to 
search for other assays to monitor the effects of FTIs. 

Conceptually, the simplest assay for FT inhibition involves 
preparing extracts from FTI-treated cells and measuring the 
remaining ability of FT to famesylate a substrate polypepdde. In 
situations in which the inhibitor dissociates from the enzyme, 
however, these enzymatic assays are likely to underestimate the 
degree of FT inhibition. Moreover, these assays are difficult to 
implement in the netting of tnulli-in<ttitution clinical trials. 

Other potential assays evaluate the inhibition of processing 
of other FT substrates. Several famcsylated polypeptides, in- 
cluding the chaperone protein HDJ-2 (20)^ the peroxisomal 
protein Pxt (21), and th6 intranuclear intconcdiate filament 
protein tamin A (22), arc known to undergo mobility shifts when 
FT is inhibited (23, 24). In the case of lamin A^ this mobility 
shift reflects inhibition of proteolytic processing that amoves a 
13-amino aeid peptide from the COOH terminus of prclamin A 



'The abbreviations used arc; FT, famesyltransfbrasc; FTI, fhmcAyl- 
transferase inhibitor. 
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to yield the mature lamin (23). Booav^ thi$ processing is 
absolutely dependent on famcsylsuion (25), it has been sug- 
gested that the accumulation of prclamin A containing this 
unique COOH-terminal peptide might be a potential marker of 
FT inhibition (26). 

In addition to tliese assays, it has been proposed that certain 
dONvnstreant events might also be used to monitor the effects of 
FTIs. For example, treatment with the FTl L744832 has been 
shown to cause increases in levels of the cyclin-dcpendcnt 
kinase inhibitor p21 "^^^ in p53 wild-type ceils (27). In addition, 
the activity of downstream kinases such as raf-1^ MEK, or 
ERKl or the phosphorylation state of MEK and ERKI could, in 
principle^ be used as a readout of FT inhibition (12, 28-30). 

Although a wide vadety of assi^ys have been used in 
previous studies, they have not been compared. Moreover^ it is 
unclear whether i?cme of the effects reported are specific for 
certain agents rather than reflecting the effects of FTIs in gen- 
eral. In the present study, several of these different approaches 
have been compared in tissue culture cell lines treated with two 
FTIs that have entered clinical testing, the Ronpeptidomimetic 
FTI SCH66336 (3!) and the peptidomimetic inhiTjitor FTI-277 
(12). These experiments were designed to con^aie various 
a&says of FT inhibition with respect to sensitivity and potential 
ease of application in the clinical setting and to determine 
whether these assays detect inhibition of FT by agents that are 
actually undergoing clinical testing. 

MATERIALS AND METHODS 

Materials and Methods. SCH66336 (32) was a tdnd gift 
from W.R. Bishop (Schering-Plough Research Institute, Ken- 
ilworth, NJ). FTI-Z?? (12) and mevastatin were purchased from 
Calbiochem (La Jolla, CA). [^HJMevalanolactone (speci^c activ- 
ity, 50-60 Ci/mmol) was purchased from American Radiolabeled 
Chemicals (St Louis, MO). Plasmid pRc/CMV7SapMEV encod- 
ing tti& mevalonic acid transporter was obtained from American 
Type Culture Collection (Manassas, VA). 

Antibodies. Monoclonal antihuman lamin A (33) was a 
kind gift from Frank McKeon (Harvard Medical School, 
Boston, MA). A high-tUer polyclonal serum that recognizes 
the COOH-terminal domain of human prelamin A was raised 
by immunizing rabbits with the peptide CLLCNS- 
SPRTQSPQN coupled to keyhole limpet hemocyanin, as 
described by Sinensky et aL (26). Polyclonal rabbit anti-ras 
antiserum (antibody #3) was from Calbiochem (Cambridge, 
MA). Monoclonal anti-p21*^" (antibody #11) and ami* 
HDi-2 were from Neomarkcrs (Fremont, CA). Polyclonal 
chicken sera that recognize lam ins A and C or lamin B were 
raised as described previously (34). Affinity-purified perox- 
idase- and ftuorochrome-coupled secondary antibodies were 
from Kirkegaard & Perry (Gaithersburg, MD). 

Tissue Culture, Gi>lony-f<knning Assays, and Immuno- 
blotting. A 549 human non-small ccU lung cancer cells, 
HCT116 colon carcinoma cells, B;<;PC-3 pancreatic carcinoma 
cells, and MCF-7 breast cancer cells were obtained from Amer- 
ican Type Culmre Collection and propagated in the tissue cul- 
turt; media specified by the supplier. To asiscss the effect of 

SCH66336 ort colony rorm;Ltic>ii in AS49 cells^ aliqiiots contain- 
ing 500 cells were plated in triph'catc plates for each data point. 



After a 14-18 h incubation to allow cells to adhcn;, the indi- 
cated concentrations of 5CH66336 (added from 1000-fold con- 
centrated stocks prepared in DMSO) or the corresponding vol- 
ume of diluent was added. Cells were incubated for 7-8 days to 
allow colonies to form. Alternatively, cells were incubated with 
SCH66336 for 24 h, washed twice in fierum-free RPMI 1640, 
and incubated for 7 days in medium A (RPMI 1640, 5% heat- 
inactivated fetal bovine serum, 100 units/ml penicillin Q, 100 
p^m\ streptomycin, and 2 mM glutamine) in the absence of 
SCH66336. 

To prepare whole-cell lysates for immunoblotting, replicate 
lOO-mm dishes containing 30-40% confluent cells were treated 
with the indicated concentrations of SCH6C330 or diluent for 
22-24 h. Alternatively, A549 cells were allowed to reach con- 
fluence and maintained in this state for 7 days prior to treatmem 
with SCH6d336 for 24 h. The highest concentration of 
SCH66336 used in these assays, 400 nM, is at or below the 
trough concentration achieved in patients on prolonged sched- 
ules of SCH66336 (35). Flow cytometry (36) confirmed that 
>95% of the cells were in Gq-G, after culture under confluent 
conditions. At the completion of the incubation, log phase or 
confluent cells were washed three times with ice-cold RPMI 
1640 containing 10 mM HEPES (pH 7.4) and sohibilized in 
buffer consisting of 6 m guanidine hydrochloride, 250 mM 
Tris-HCl (pH 8.5 at 2l'*C), 10 mM £DTA, 1% (v/v) p-mcrcap- 
tocthanol, and I mM oe^phenylmethylsulfonyl fluoride (freshly 
added from a 100 mM stock in anhydrous isopropanol). In some 
experiments, SCH66336 was replaced with 20 |xm FTI-277 
(added from a lOOO-fold concentrated stock prepared in DMSO 
containing 10 mM DTT)» a concentration chosen because it 
inhibited ras famesylation and raf activation in tissue culture in 
a previous study (12). 

After the whole-cell lysates were dialyzed and lyophilized 
as described previously (37), aliquots containing 50 ^g of 
protein [assayed by the bicinchoninic acid method (3S)] were 
subjected to electrophoresis on SDS-polyacrylamidc gels con- 
taining 8% (wAf) acrylamide (for Jamins or HOJ-2) or 12% 
acrylamidc ^21^^', ras), transferred to nitrocellulose, and 
probed with the immunological reagents described above. An- 
tigen-antibody comple^tes were detected using peroxidasc- 
coupled secondary antibodies and ECL enhanced chemilumi- 
nescence reagents, 

Transfcction. A549 cells (2 x 1 0^; 50% confluent) were 
transfected with 40 n-g of plasmid pRc/CMV7«pMEV (pre- 
pared using a plasmid isolation kit; Qiagen, Valencia, CA) by 
electroporation using a Bio-Rad Gene Pulser clectroporator op- 
erating at 300 V, 960 p,farad and infinite resistance. Cells were 
cultured at low density in medium A for 24 h. Stably tr^sfectcd 
clones were selected in 2 mg/ml G418 and isolated using clon- 
ing rings. After expatision, clones were examined for ability to 
accumulate [^H]mevalonate during a 22-24 h incubation at 
yi'^C, Of 25 elones examined^ one with substantial mevalonate 
uptake was identified and named A549pMEV. 

Immunohistochemistry. A549 cells grown on 20-mm 
glass coverslips were incubated in medium A for a minimum of 
1 week after reaching confluence. Cells were then treated witii 
200 nM SCH66336 or diluent for 24 h as described above. At the 
completion of the incubation, coverslips wei^ washed twice 
Witt) ice-cold PBS and fixed in acetone fpr 1 5 min at — 20°C, 
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Fig. I Eflfeci Of SCH66336 Ort colony formation and pmtein prer^Iatton in A549 cells. A, A549 cells were exposed lo the indicated concentratian 
of SCH66336 for 24 b, washed, and incubated in drug-fi;«e medium for 7 days (open circles). Alternatively, cell? were exposed to SCH66336 
continuously (A), B. AS49pM£V cells were incubated for 24 h with 20 comp^Ctin ^nd l fi.Ci/mI [^]mcvslonatc in the presence of dihient (Laiie 
f) or $CH6^36 at a concentration of 2S0 ncvi (Lan^ 2), 500 hm (l^ane J), 1000 nM (lofie 4^ or 2000 nM (Lane 5). At the completion of the incubation, 
samples were subjected to $OS-?AOE and fluoro^phy. Numbers at Ujt sizes of molecular weight marker^ (in Ihous^ds). ^ecies whose labeling 
dcGTCBSCB with SCH66336 trcatmcnL Bracket at rz^A/, 3CTial1 QTP-binding pn>tcins whose prcnylation has been reported pFcviou&ly to be rCsiAtact to 
FTI treatment (II). 



Samples were then rchydratcd with two to three changes of PBS 
and blocked for a minimum of I h at 4*C in buffer B, which 
consisted of 10% (w/v) powdered milk; in 150 mM NaCl. 10 znM 
Tris-HCI (pH 7.4 at 21*C), 100 units/nnl penicillin G, 100 jig/ml 
&tr^tomycin, and 1 mM sodium azidc. Cells were treated with a 
mixture of muring monoclonal anti-lamin A (1 :3000) and rabbit 
anti-prelamin A (1:750) in buffer B ai 4*0 for 12-16 h. After 
removal of the primaiy antibodies, samples were washed six 
times with PBS over a 20-min period, incub&ted for 30 min with 
a mixture of afRnity-purifiedy rhodamloe-conjugated antiniouse 
IgC atid fluore$ccin-conjugatcd antimbbit IgG (20 jjig/ml eaeh)» 
washed six times with PBS over & 20-min period, mounted in 
Vectashield (Vector Laboratories, Burlingame, CA), scaled with 
clear nail polish, and examined on a Zeiss LSM 310 coofocal 
microscope (Carl Zeiss, Inc., New York, NY). 

RESULTS 

5CH66336 Inhibits Prpt^in Frenyt»txon in A54^ Cells. 
In initial experiments, we examined the effects of the FTI 
SCH66336 (31, 32) on A549 cells, a non-small cell lung cancer 
line containing mutated K-ms (39^ 40). inclusion of increasing 
concentrations of SCH66336 in the tissue culture medium re- 
sulted in a dose*dependem decrease in the number of colonics 
that formed after 7-8 days (Fig. \A, In contrast, a 24-h 
exposure to SCH66336 had a minimal effect on colony fonna- 
tion (Fig. \A, O), indicating that SCH66336 was not killing the 
cells under these conditions. This model system provided the 
opportunity to examine the effects FT inhibition without &ec< 
ondary changed related %o cytotoxic effects per 



To confirm that SCH66336 was inhibiting protein famcsyla- 
tfon in situy the covalent modification of various polypeptides by 
metal)o1ic derivatives of mevalonic acid was examined in AS49 
cells transf^ed with the mevalonate transporter (Fig. 1^. This 
analysis revealed that 5CH66336 caused a dose-dependent de- 
crease in prcnylation of several different polypeptides with appar- 
ent molecular weights between Kf^ --18,000 and —75^000 
(Fig. \B. «). The prenylation of these polypeptides wa.<t detectably 
decreased at 250 nM SCR66336 (Fig. \B, Lane 2) and completely 
inhibited at l-»2 |im {Lanea 4 and i). These results confirm that 
SCH66336 inhibits the prenylation of several polypeptide species 
in this model system. In con trust, a number of polypeptides in the 
20^000-30^000 region were prenylated despite ^ presence 
of high concentrations of SCIH66336 (Fig. \B, bracket). These 
polypeptides, which were identified previously as small GTP- 
binding proteins, have been reported to be prenylated in the pres- 
ence of other FTIs as well (1 1), 

Examination of Altered Protein Mobility after FTI 
Treatment In additional experiments, whole-cell lysates pre- 
pared from A549 ceils afkr treatment with varying concentra- 
tions of SCH66336 were subjected to SD$-PAO£, followed by 
immuneblotting with reagents raised against polypeptides that 
are FT substrates. When blots were probed with a serum that 
recogni7C9 all r^ species, altered mobility of the predominant 
ras species in this cell line was not detectable (Fig. 2/*, top 
panel). In the same samples, only a small percentage of the 
famesylated nuclear protein lamin B (41) demonstrated altered 

i¥tobility (Fig. 25, t^p panel)' In COotriist, increased amounts of 
a slower migrating species of HDJ-2 were observed after 
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Fig. 2 Effect of SCH663S6 OB levels and migratioo of various polypeptides thai have bcco proposc() as markers of FT inhibition. A. A549 cells 
incubated for 24 h \¥ith the indicated concentration of SCH66^36 were Subjecied ro SDS*PAGE followed by blotting with probes tbat recosni?^; all 
ras isoforms (top), HDJ-2 (mU^dle), or pil"*^ (bottom). B, A549 cells treated for 24 h with the indicated concentration of SCH65536 were blotted 
with antisera that recognize lamin B {top), lamios A and C {midtUe), or the peptide LLGNSSPRTQSPQN at the COOH terminus of prctamin A 
{bottom). Arrows, slower minting species of HDJ-2, lamin and tamin A in the respective panels. 



SCH66336 treatment (Fig. 2/4, second panel). This slower mi- 
grating species was mdily detectable at drug concentrations as 
low as 6.25 riM and amounted to much a$ half of the total 
HDJ-2 at 400 JIM SCH66336. 

When these same blots were probed with antibodies to the 
nuclear proton lamtn A, a slower migrating species that was 
identified previously as prelamin A (23» 26) was seen at 
SCH66336 concentrations as low as 25 nM (Fig. 23, second 
panel). Probing of the Same blpt with an antiscntm that specif- 
ically recognizes the precursor polypeptide at the COOH termi- 
nus of prdamin A (26) revealed that the inhibition of prelamin 
A processing could be detected at SCH66336 concentrations as 
low as 6.25 nM (Fig. W, bottom panel). 

To look for downstream markers that might be useful for 
examining FT inhibition, blots were also probed with antibodies 
to p21*"^. Although another FTl has been reported to increase 
p2]'^ levels in certain cells (27), levels of this polypeptide did 
not iDcrcasc in A549 cells after treaunent with SCH66336 (Fig. 
2A, bottom panel). 

To rule out the possibility that these results were unique to 
A549 ceils, three additional cell lines were treated with 200 nM 
SCH66336 and subjected to the same analysis. The cell lines 
chosen for this analysis were the pancreatic carcinoma line 
BxFC-S. which has wild-type ras (42) and displays an IC50 of 
200 nw upon continuous exposure to SCH66336 in clonogenic 
assays;^ the breast carcinoma line which has wild-type 



^ h N, Davi5 nnd A. A. Adjei, unpublished observations. 



ras (43) and displays an IC5Q of 50 nM upon continuous exposure 
to SCH66336 in clonogenic assays;'* and the colon carcinoma 
line HCTl 16, which has a mutant EC-ras (42) and displays an 
IC50 9^ ^9^^ continuous exposure to SCH66336 in 

clonogenic assays/ Treatment for 24 h with 200 dm SCH66336 
a^in failed to demonstrate any alteration in the mobility of 
detectable ras proteins by immunoblotting (Fig. 3, top panel 
Ume 2). In contrast, increased levels of the slower migrating 
HI>J-2 species were readily detectable in all four cell lines after 
FTI treatment (Fig, 3, second pan&l. Lane 2). Moreover, each of 
the FTI-treatcd cell lines contained a slower migrating species 
of lamin A that reacted with the prelamin A antiserum (Fig. 3, 
tkird panel. Lane 2). As was the case in A549 cells, p2l^''* 
failed to reproducibly increase in the other three cell lines after 
SCH66336 treatment (Fig. 3, bottom panel. Lane 2). 

To rule out the possibility that the observed results were 
unique to the nonpeptidomimetic FTI SCH66336, all four cell 
lines were also treated with the peptldomimetic inhibitor FTI^ 
277. Results of this analysis (Fig. 3, Lanes 3) demonstrated that 
FTI-277 altered processing of HDJ-2 and prelamin A, In con- 
trast, altered migration of r^is and altered levels of p21 were not 
observed. Identical results were also obtained when the FTf 
Rn5777 was substituted for SCH66336 (data not shown). 

Effects of FT Inhibition on Noncycling Cells. Because 
the vast majority of cells in clinical tumor specimens arc not 
cycling at any point in time, we evaluated these assays in 
noncycling A549 cells. Seven days after reaching confluence, 
the vast majority of these cells were in Cq-C i (Fig. 4A. bottom 

patel). In the conflvcncc-arrcstcd cclls» increased levels of the 
slower migrating species of HDJ-2 and the appearance of pre- 
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lowed by transfer to nitric I- 
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(third panel), ot p2l*''" {bot- 
tom p^nif). Note that both 
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four cell lincR. 



lam in A were readily demonstrated after SCH66336 treatment 
(Fig. 4A)t although the signals were stiglitly decreased m non- 
cycling cells compared with cycling A549 cells examined on the 
$ame btot. 

ImmunDhislocheinical Stainiag for Prclamirt A. Of the 

markers examined above, prelamin A is unique in containing a 
large peptide that is absent from the processed protein, h has 
been suggested previously that the presence of prelamin A can 
be <Ieiecte<l by immunohiscocliemistry after ireatmetit of log 
phase cells with the benzodiazepine-based FTl BZA-5B (26). To 
investigate the potential usefulness of this assay with other FTIs» 
as well as determine the suitability of this approach for assessing 
FT! action in noncycling cells, confluence-arrested A549 cells 
were treated with SCH66336 and then stained for prelamin A in 
the absence or presence of the peptide used to raise the serum. 
Results of this analysis revealed ttiat prelamin A was at the limit 
of detection in untreated cells (Fig. 4B, top row) but became 
readily detectable in all of the cells by immunofluorescence 
after treatment with SCH66336 (Fig. 4B, middle r£>w). The 
immunizing peptide prevented labeling with this serum (Fig. 4^, 
bottom row), demonstrating specificity of this reaction. When 
combined with the immunoblotting results in Fig. 3, these 
observations not only confirm that multiple FTls inhibit 
prelamin A processing but also indicate, that this inhibition can 
be detected in noncycling cells by immunoblouing (Fig. 4A) or 
immunohistochcmistry (Fig. 4B). 

DISCUSSION 

The present study compared the perfoimance of several 
different assays that have been proposed for monitoring FT 
inhibition in the clinical setting. This snidy used the nonpep- 
tidomimetic FTl SCH66336 and the peptidomimetic inhibitor 
FTl-277, both of which have entered clinical trials. Results of 
these assays were compared in four separate cell lines and in 
tog-phase versus confluent, noncycling cells. These results have 
potential implications for monitoring FT inhibition in the clin- 
ical setting. 

tho FTla arc among the first inhibitors of aignat 
transduction to t>e widely tested in the clinic, there is consider- 



able interest in assessing their efffccts in clinical material. An 
ideal marker for such studies would be one that is highly 
sensitive to inhibition of the targeted pathway, selective for 
inhibition of that pathway, and assayable in a wide variety of 
tumor types as welt as potentially in surrogate normal tissues. 
Other features that would be desirable in a marker assay would 
be ease of performance and the ability to analyze samples iii 
batches rather than individually. As signal transduction inhibi- 
tors are tested clinically, such assays will be panicularly impor- 
tant in differentiating between compounds that successfully 
target the intended pathway but do not have clinical activity 
versus compounds that fail to target the intended pathway at 
concentrations where toxicity prohibits dose escalation. Distin- 
guishing between these alternatives will be particularly impor- 
tant in clinical trials that do not have the classical end point of 
tumor shrinkage as well as in chcmoprcvcntion and adjuvant 
chemotherapy trials. In H^i of the potential importance of these 
types of studies, wc have compared several of the assays that 
have been proposed for the assessment of FT inhibition in 
clinical material. 

One potential approach would be to assay FT enzymatic 
activity in cell extracts after drug exposure. This approach 
suffers from the potential problem that reversible inhibitors such 
as SCH66336 and FTl-277 might dissociate from FT during ceil 
purification and fi'actionation, thereby leading to underestima- 
tion of the degree of inhibition achieved in situ. In addition, 
currtnt assays of FT activity in certaio cell types are subject to 
interference by endogenous inhibitors.^ As a result^ some inves- 
tigators have resorted to panial purification of the enzyme prior 
to assaying its activity (44), an approach that docs not appear 
feasible in the context of multicenter clinical trials. 

Immunoblotting and immunohiscochemistry approaches 
appear to be better suited for application in the elinical setting. 
FTIg were initially developed to inhibit the posttranstational 

processing of the ras oncoproteins (4, 3, 45). Several earlier 



D. HnJ^ pcTTtOn^l i:0mniunicutiQn. 
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Fig. 4 Changes in HDJ-2 and pitlamin A in noncycling ccltsw A, log phase or conflucncc-arrcMcd A549 cells were treaicd with dilutnt Or 200 nM 
SCH66336 for 24 h as indrcaied Whole-cell lysaoes were subjected \o SDS-^PaGE, fbllowed by immunoblottUig with the indicated probe. Bottom, 
DNa histogram^ of log phwe a^d connii*rtc*-Arre$ied A549 cclU. B. evjdwdlion of prti umin A prO«*aing in rtOnCycling cells. Oh* week after reachirtg 
confluence, A549 cells were fncubatcd for 24 h with diluent (fop row) or 200 nw SCH66336 (middle and bottom rows\ After the cells were fixed 
m «ccton&» double label indirect immunofluorescence was perfbimed using monoclonal anti-lamin A {left) atW polyclodal antiserum that recognizes 
the precursor peptide V- the QOOH terminus of lamin A {right). The incubation with primary antibodies waii performed in the absence {top two rows) 
or presence {bottom row) of 10 ^Ag/ml CLLGNSSPRTQSPQN, the peptide diat wa& used to laiae the prelamin A-specif5c serum. In each fow, the same 
field was imaged using excitation wavelengths of 568 nm (teji) or 4S& nm (ri^ht). 



Studies demonstrated that FT] trtatmeiit altered mobility of 
H-ras in trnnsfected murine cells. Nonetheless^ immunoblotting 
experiments failed to demonstrate altered migration of cndogc- 
nous ras polypeptides in a number of different cell lines after 
treatment with SCH66336 or FTI-277 (Figs. 2 and 3). There are 
several potential explanation$ for this rcsuU. U is possible that 
the predominnnt ras species in these cell 1ine& are isoforms of 
K-ras, which has been shown to be more resistant to FTIs than 
H-ras (46). Wc note, however, that prelantin A famesylation is 
also more resistant to FTIs than H-ras (47), yet we could readily 
detect inhibition of prelamin A processing in each of the cell 
lines. Alternatively, it is possible that geranylger^nylotion of ras 
polypeptides in FTI-trcated human cells (16) leads to processed 
ras species that have unaltered mobility on SD$-polyacrylamide 
5cls. Jn cither case, it \sl possible that immunOprecipitatxon of 
H-raS; followed by Western blotting (an approach nece$$itated 



by low levels of endogenous H-ras in these cells and many other 
tissue types), might dentonstrate an effect of the FTIs on mi- 
gration of H-ras. However, it is difficult to envision that immu- 
nopjtcipitation followed by immunoblottin^ would be practiedl 
for routine performance in the clinical setting. 

Recent studies have suggested that RhoB might also be a 
critical target for FTIs (4, 10, 17-19). These studies have ex- 
amined epi tope-tagged RhoB that is expressed after transfection. 
In our hands, experiments similar to those in Fig. 2 have 
revealed that endogenous rho species are below the limit of 
detection with commercially available monoclonal antibodies/ 
making it difficult to use this polypeptide as a marker of FTl 
action in the clinical setting. Accordingly, we focused on other 
potential markets of FT inhibition. 

Consistent with recent resuJts published in abstract forni 
(24)^ the prcjiylated protein HDJ-2 demonstrated a shift in 
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mobility upon treatment with SCH66536 (Figs. 2 and 3). The 
appearance of the slower migrating species was detectable at 
concentrations of SCH66336 as low a$ 6.25 nw (Fig. 2A). In 
addition, a similar mobility shift was observed in noncycling 
cells (Fig. indicating the potential usefulness of this assay 
in clinical tumor specimens. 

Work from several laboratories demonstrated previously 
that lamin B and prelamin A are famcsylatcd polypeptides (23, 
41). in our smdies, only a small amount of lamin B displayed a 
mobility shift in the presence of SCH66336 (Fig. In con- 
trast, as much as half of the lamin A demonstrated a mobility 
shift after the same treatment (Fig. ZB). Further analysis re- 
vealed that the processing of prelamin A was extensively inhib- 
ited in all cell lines examined (Figs. 2B and 3). Accumulation of 
prelamin A above low basal levels was detectable at SCH^336 
concentrations as low as 6.25 nM and increased in a dose- 
dependent manner (Fig. 2£f). Because prelamin A is ordinarily 
present in limited amounts within the celt, the assay for prelamin 
A was suitable for immunoblotting (Figs. 2-4) or immunohis- 
tochemistry (Fig. AB), either of which should be potentially 
useful in the clinical setting. The widespread use of immuno- 
histocbemistfy for other purposes {e.g., assessment of estrogen 
and progesterone receptors, HBR2-ncu status, and cytokeraiin 
expression) suggests that the immunohistochemical assay for 
prelamin A mig^t be particularly useftil. 

Finally, as a potential example of polypeptide changes 
downstream from ras^ we examined the up-rcgulation of 
p21*=^. Although the FTl L744832 has been reported to induce 
accumulation of pJl"*^ in a p53-dependent manner, we could 
not detect increased p2J^*'* in any of the four cell lines after 
treatment with SCH66336 (Figs. 2 and 3) or FTl-277 (Fig. 3). In 
this comext» it is important to note that A549» MCF-7, and 
HCT116 cells all have wild-type p53. These observations not 
only raise the possibility that up-regulation of pSl™" after 
trcamient with L744832 might be a drug- or celt tine-specific 
effect but also highlight the importance of examining potential 
markers of FT! action with the compounds that are actually 
undergoing clinical testing. 

To rule out the possibility that some of the results described 
in the present work might be unique to SCH66336 and FTl-277, 
experiments depicted in Figs. 2-4 were repeated using 
Rl I5777> another FTI that is in Phase II clinical trials (10). All 
of the results presented nbove were readily reproduced with 
Rl 15777* 

In summary, the current fmdtngs identify two different 
assays that appear to be sensitive and widely applicable markers 
of FT inhibition. HDJ-2 is present in a variety of tumor cell lines 
ftnd undergoes a readily detectable mobility shift upon treatment 
with FTb. Lamin A likewise undergoes a mc^ility shift In 
multiple cell lines after FTI troatmcnt. The mobility shift of 
HDJ-2 and the accumulation of prelamin A are detectable at 
similar drug concentrations. The retention of a unique prepep- 
tide in prelamin A after FTI treatment makes this polypeptide 
amenable to assay by both immunoblotting and immtmohisto- 
chemistry. Because the effects on HDJ-2 and lamin A are 
observed in noncycling as well as cycling cetts^ one or both of 
these assays should be suitable for detecting inhibition of FT in 
the clinical setting. . 
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ABSTRACT 

Antitumor and pharmacodynamic studies were per- 
formed !n MCF-7 human breast canecr cells and companion 
xenografts with the farnesyl protein transferase inhibitor, 
R1I5777, presently undergoing Phase II dinical trials, in- 
cluding in Ijreast cancer, R1I37T7 inhibited growth of 
MCF-7 cells in vitro with an iC^o of 0^1 * 0.25 |XM, Expo- 
sure ofMCF-T celts to increasiog concentrations of Rl 19777 
for 24 h resulted In the inhibition of protein farnesylation, as 
indicated by the appearance of prelamin A at concentrations 
>1 |iM. After continuous exposure to 2 |am R115777, prel- 
amin A levels peaked at 2 h post drug exposure and re- 
maidcd high for up to 72 h. RI15777 administered p.o. twice 
daily for 10 consecutive days to mice bearing established s.c. 
IVICF-7 xenografts induced tumor inhibition at a dose of 25 
ing/kg [percentage of treated versus control (% T/C) = 63% 
at day 21). Greater inhibition was observed at doses of 50 
mg/kg (% T/C at day 21 = 38%) or 100 rag/kg (% T/C at 
day 21 = 43%). The antitumor effect appeared to be mainly 
cytostatic with little evidence of tumor shrinkage to Less than 
the starting volume. Tumor response correlated with an 
increase in the appearance of prelamin A, but no changes in 
the prenylation of lamin heat shock protein 40, or N-Ras 
were detectable* In addition, significant increases in apo- 
ptotic index and p21^*"'*=="*' expression were observed, 
eoneomitant with a decrease in proliferation as measured by 
Kt-67 staining. An increase in prelamin A was also observed 
in peripheral blood lymphocytes in a breast cancer patient 
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who responded to Rl 15777. These data show that R1I5777 
possesses predinical andtumor activity against human 
breast eaneer and that the appearance of prelamin A may 
provide a sensitive and convenient pharmacodynamic 
marker of inhibition of prenylation and/or response. 

INTRODUCTION 

Approximately 10 years ago it was discovered that Ra$ 
oncoproteins require localtzation to the inner surface of the cell 
membrane to exert thdr eellular mitogenie aedvity (l^ 2), The 
first and most important step in this process is a post-transla- 
tional modification in which a C 1 5 fiimesyl group is tFansfcned 
from farnesyl diphosphate to the sulfur atom of the cysteine 
residue of the COOH-terminal tetrapeptide CAAX of Ras 
through the activity of the enzyme, FJ^.^ Conscquendy, many 
attempts have been made to design and synthesize inhilTitors 
of FPT. 

Following the demonstration ofinhibitlon of ra^-dependent 
transformation of ^roblasts (3) and in viv0 antitumor activity 
against carcinomas in ras transgenic mice (4), at least four FTIs 
recently cnKrcd clinical trials: 5CH66336 (5); Rl]5777 (6, 7); 
L-778,123; and BMS-214662 (8-10). Among these is the irai- 
dazole-based compound, Rl 1 5777^ which is a competitive in- 
hibitor of the CAAX peptide binding site of FPT widi a of 0.5 
nM and which inhibits the famesylation of lamin Bl (IC^ = 0-8 
nM) and K-ras (IC^q =7.9 nivi; Ref 1 1). Furthennone, Rl 15777 
inhibited theproHftsration of both H-ms-transformcd fibroblasts 
(IC^Q =1.7 nM) and human colon and pancreatic cell lines 
possessing K-ras mutations (LC^o ^ 16-22 nM) and showed 
potent oral antitumor activity against human LoVo colon and 
human CAPAN-2 pancreatic xenografts (12-14). An initial 
Phase 1 trial with oral Rl 15777 (25-1300 mg twice daily for 5 
days every 2 wcclts) identified dosc^limiting toxicities of neu- 
ropathy and fatigue with some nausea, vomiting, and headache 
(6). Additional trials using either continuous twice-daily oral 
dosing or dosing for 2 1 days followed by 7 days of rest, reported 
a dose-limiting toxicity of myelosuppression (7). The recom- 
mended dose for Phase II trials based on this schedule was 300 
rag p.o. twice daily. 

Although the incidence of ras mutations in breast cancer is 
relatively low (<5%; Ref. 15), aberram function of the Ras 
signal transduction pathway is common (e.g., through upstream 
activation via HER2 or epidermal growth factor receptor, Ref 



^ The abbreviations used are: FPT, femesyl protein transfentse; FTI» 
FPT inliibitor; PI3, phosphaiidylino&iiol 3 '-kinase; PBL, peripheral 
blood lymphocyte; HSP, beat shock protein; SRB, sulforbodaminc B; 
T/C, treated veaus QOmrol; TUiM£L> wmninal deOAynuClcotidyl trans- 
ferase (Tdt)-mcdiatcd nick etld labeling. 
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1 S). Furthermore, in recent years it has become apparent that the 
FTls, although originally envisaged as Ras inhibitors, may con- 
fer their antitumor properties through intracellular effects on 
additional proteins that require femesylation. These include 
lamins A and B, RBp2, Rbo 6 and £, and the centromere- 
associated proteins CENPE and CENPF (8, 10, 16). Although 
compeHing data suggest that specific substrates such as Rho B 
may be the key determinant of sensitivity to FTls (17), other 
data ans indicative of effects on alternative proteins/pathways to 
the K'Ras/Raf/MEK/Eiic pathway* such as the H-Ras/P13 ki- 
nasc/AKT pathway (18-20). In addition to famcsylation, some 
proteins are post-translationally modiHed by the addition of a 
20-carbon geranylgeranyl motety via the enzyme geranylgera- 
ny] protein transferase i (21, 22), it has been reported that K.-Ras 
may become geraiiylgeTanylated and maintain transforming ac- 
tivity when FPT is inhibited in some cell lines (21, 22). These 
findings have led to particular challenges in the choice and 
design of Phase II trials with these agents and in the rational 
development of pharmacodynamic end points of response or 
toxicity. 

Among various Phase Tl clinical trials of Rl 1 5777, we have 
conducted a trial in women with advanced breast cancer (23). In 
cojuunction with this trial, the aims of this preclinical smdy 
were to assess the activity of Rl 15777 in a cell line and a 
companion xenograft model of human breast cancer and to 
investigate possible pharmacodynamic markers of response that 
could then be applied to PBLs or tumor biopsy specimens. On 
the basis of a recent report (24), particular emphasis was placed 
on monitoring of the appearance of ui^rocessed prelamin A 
(25) as a pharmacodynamic readout of response, although other 
proteins known to be prenytated (N-Ras, lamin B, and HSP40) 
were also investigated. 

MATERIALS AND METHODS 

Cell Culture. The human breast cancer cell line MCF-7 
(and the A27S0 human ovarian carcinoma and HT29 colon 
carcinoma cell lines) was grown as a monolayer in DMEM 
containing \0% hea^ inactivated FCS* 2 mM L-glutamine, and 
minintul nonessential amino acids (Life Technologies, Inc., 
Paisley, Scotland) in a 6% COa-94% air atmosphere. 

Cell Growth inhibition. The sensitivity of human tgmor 
cell lines, including MCF-7, was assessed by 96-h drug expo- 
sure. Rl 15777 was dissolved in acidified water at 1 niM and 
diluted in growth medium immediately prior to its addition to 
cells seeded overnight in 96-wcll microtitcr plates. Quanthation 
of cell numbers in treated (four replicate wells) versus control 
(four replicates) wells was assessed by SRB staining as de- 
scribed previously (25). Drug potency was determined in terms 
of ICj^s. 

Human Tumor Xenografts. The MCF-7 line was grown 
as S.C. xenografts in female athymie nude mice (nu/nu) by 
passage of 2-mm diameter pieces of tumor. Growth was main- 
tained by estrogen supplementation through intradermal injec- 
tion of estrogen pellets (dose, 1.7 mg over 60 days; Innovative 
Research of America, Sarasota, PL). When tumors had reached 
a largest diameter of ~7 mm^ mice were randomized to receive 
either 4rug vehicle [20% (w/v) ^-cyclodcxtrin (pH 2.5)] or 
Rl 15777 administered by oml gdvjLi;^ at doses of 25, 50, and 



100 mg/kg. Dosing was twice daily for 10 consecutive days. 
There were 1 1 twmor-bcaring animals in e^icb S^^ypi $ v/ere 
used for the therapy arm, and 5 were harvested on day 11(1 day 
after the final dose) for pharmacodynamic measurements. For 
the therapy arm> tumor growth was assessed twice weekly in 
control and treated groups by caliper measurements of the two 
largest diameters. Volumes were then calculated according to 
the fbnmula: volume = <z x x ir/^, where a and b are 
orthogonal tumor diameters. Tumor volumes were then ex- 
pressed as a percentage of the volume at the start of treatment 
(relative mmor volume). The effect of the drug was determined 
by the growth delay (difference in time, in days, for the vottmies 
of control versus treated tumors to double) or % T/C on day 2 1 , 
as used previously (27). 

All animal procedures were performed within local and 
national ethics guidelines. 

Western Blotting. Immunoblottiog of proteins was car- 
ried out as described previously (e.g., Ref. 28), using asynchiO" 
nized cells in exponential growth. In addition, assessments were 
made using xenograft material harvested on day 11 (24 h after 
the fmal dose of drug) and PBLs taken from patients participat- 
ing in the Phase II R it 5777 breast cancer trial (pretreatment and 
after 4 weeks of receiving 300 mg twice daily every day). PBLs 
were prepared using Lymphoprcp (Nycomcd) and ccntrifuga- 
tion at 800 X g for 20 min at room temperature. PBLs were then 
separated, washed in PBS by centoftigation, pelleted, and snap 
frozen in liquid nitrogen. Xenograft samples were frozen in 
liquid nitrogen and homogenized, and protein was extracted. 
Proteins (typically 50 |jug/iane) were separated by SDS-PAGE 
and electroblotted to nitrocellulose filters. A polyclonal anti- 
body to the COOH-terminal domain of human prelamin A (24) 
was kindly provided by £>rs. A. Adjei and S. Kaufmann (Mayo 
Clinic, Rochester^ MN). Antibodies to lamin B (Santa Cruz 
Biotechnology C-20), N-Rgis (Sant© Cruz Biotechnology C-20). 
and HSP40 (Santa Qruz Biotechnol^y N-19) were used at 
dilutions of 1:1000, IrlOOO^and 1:500. respectively. Secondary 
antibodies were purchased from Amersham Pharmacia. 

Measurements of ProHfcrfltion and Apoptosis.. Mark- 
ers for proliferation and opoptosis were assessed by immuno- 
histochemifitty of formalin-fixed xenograft tissue (taken on day 
11 ), as described previously, from MCF-7 xenograft treated 
with drug vehicle or with Rl 15777 as above (29, 30). Sections 
(3 jjiM) were cat fjt>m treated and control formalin-fixed, paraf* 
fin wax-embedded xenograft tissue and placed on charged 
slides. Proliferation was analyzed in Sections after they had been 
dewaxcd in xylene and gradually rehydrated with water, and 
endogenous peroxidase activity was blocked. Antigen retrieval 
was performed by microwaving sections at 750 W in citrate 
buffer (pH 6.0) for 10 min, after which buffered sections were 
cooled to room temperature and a biockirtg antibody was ap- 
plied in PBS (pH 7,4) prior to addition of the primary antibody. 
The sections were incubated for 45 min in 1:200 biotinylated 
antimouse immunoglobulins and rinsed; streptavidin ABC- 
horseradish peroxidase complex (Dako) was then applied for 30 
min. After sections were washed in PBS, the peroxidase reaction 
was developed to a brown stain by the addition of 0.05% 

diaminobenzidine enhanced with 0.07% imidazole and hydro- 
gen peroxide. Cell cytoplasm was counterstained blue with 
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Mayer's hematoxylin, and sections were dehydrated, cleared in 
xylene, and permanently mounted in DePex- 

Proliferation was assessed by Ki-67 immunostalning using 
the MtBl antibody (The Binding Site Ltd,> Birmingham, United 
Kingdom) at a dilution of J -50 for I h. iCi-67 cells positive for 
nuclear staining were rcconSed 5S percentages. Sections were 
stained in one batch together virith known positive controls and 
scored by one individual. Ki-67 cells positive for ni2clear stain- 
ing were recorded as percentages. The method for immunocy- 
tochemical detection of p2} protein was the same as described 
above for Ki-67j except that WAFl (Ab-1) primary monoclonal 
antibody (Oncogene Research Products, (^biochcm) was used 
at a dilution of 1:30 for 1 h. Cdls with positive nuclear staining 
forp21 were assessed as percentages. 

Apoptosis was determined by the TUNEL assay as de- 
scribed previously, ii$ing xenograft tumor sections (31). AU 
sections were examined under a standard light microseope 
equipped with a X40 objective and a 10 X lO eye piece 
incorporating a graticule. The apoptotic index was expressed as 
a percentage calculated front the niunber of cells that stained 
brown and displayed apoptotic bodies of 3000 tumor cells per 
section counted under high power, excluding any aitas of no- 



RESULTS 

In Vitro Grotvth Idhibitian atld Prelamin A Levels 
Induced by Rl 15777. Rl 15777 inhibited growth in MCF-7 
cells in vitro at submicromolar concentrations (Fig. M). The 
1C5Q for growth inhibition was 03 1 ± 0.25 \lm. This was in the 
mid-range of sensitivity for a panel of human tumor cell lines. 
e.g„ compared with IC^qS of L2 ± 0.1 \n HT29 colon 
carcinoma and 0.02 :t 0 0 J I i^m in A2780 ovarian carcinoma 
ceils. Compared with typical dose^response curves obtained 
previoiisly for cytotoxic drugs in these cell lines, e.g., with 
cisplatin (26), the dosc-rcsponse curve for Rl 15777 was rela- 
tively flat with 25-75% inhibition occurring across almost 3 
logs of concentration (10 nM to 3 piM). There was also some 
evidence to suggest two phases of growth inhibition! one phase 
at concentrations up to 100 nM, which led to --50% growth 
inhibition, and a second phase at concentrations of ~5 \im, 
which inhibited growth up to 90%. 

We next determined the dose-response relationship in 
MCF-7 cells for the appearance of prelamin A. Exposure for 
24 h to Rl 15777 at concentrations of 0.2-10 pjvi resulted in the 
accumulation of prelamin A at concentrations s I \xm (Fig. IB). 
The kinetics of this increase was studied by exposing cells to 2 
(iM (i.e., approximately six times the ICso) and determining 
prelamin A levels from 1 to 72 h after the start of contirmous 
exposure to compound. Results showed a peatc in levels at 2 h, 
which was maintained throughout the time course up (0 72 h 
(Fig. 10). 

In yiv4> Antitumor EIT«et$ and Pharmaeodynaniie 
Markers of Response* We smdied the in vivo antitumor ac- 
tivity of Rl 15777 in mice bearing s.e. MCF-7 breast cancer 
xenografts^ using twice daily oral dosing for JO consecutive 
days (Fig, 2). Dosing did not commence until tumors had 
reached diameters of ^7 mm. Results showed that each dose of 
RU5777 (25, 50, and 100 mg/kg) induced some slowing in the 




Fig. I In vitro effects of Rl 1 5777 against MCF-7 human breast cancer 
cells. A, growth inhibition after 4 days of exposure and assessment of 
c«ll number by the SRB away. Values are weao 2: SD (^rf); /* = 3. 
induction of prcUunin A ad determined by Western blotting of MCF-7 
cells exposed to different concentrarions of R-1 1 5777 for 14 h. Line ^ 
0,2 ^m; lane 2, OA |A.m; Lane 3^ 1 .0 }iM; Lime 4, 2.0 M'M; Lane 5, 4.0 
\im; Lane 6, lO induction kinetics for prelamin A following 

exposure of MCF-7 cells to 2 nM Rt 15777. Lttnv /> 1 b; Larnf 2 h; 
Lane 3, 4 h: Lane 4, 8 h; Lane 5, 16 h; Lane 6, 24 h; Lane 7, 48 h; Lane 
3, 72 h. 



rate of growth of the tumors relative to controls treated with 
drug vehicle alone. In contrast to our previously performed 
xenograft experiments with cytotoxic drugs such as cisplatin 
(see €.g., Rcf. 27), there was no evidence of tumor shrinkage to 
less than the starting volume with any dose of Rl 15777. Instead 
there was a cytostatic effect with relatively little mmor growth 
over the 10 days during which the drug was administered, 
followed by recovery toward the control growth rate after dos- 
ing was completed There was some evidence of a dose response 
in that the lowest level of activity was observed at the 25 mg/kg 
dose (% T/C at day 21 = 63%; growth delay, 3.6 days) with 
greater activity observed at the 50 m^g dose (% T/C at day 
21 = 38%; growth delay, 9.6 days). However, there was no 
additional gain in inhibition with the highest dose, 100 mg/kg 
(% T/C at day 21 = 43%), 

Having observed an increase in prelamin A levels in vitro 
in MCF-7 cells exposed to Rl 15777, we also investigated pre- 
lamin A levels 24 h ftjllowing the final dose (day 1 1) in tumors 
excised frojn mice. Data showed a clear dose-dependent in- 
crease in levels of prelamin A in treated tumors (Fig. 3), There 
was strong accumulation in all five tumors removed ft-om mice 
tr^ted with the bi{^cst dose (100 m|^kg)» induction in four of 
five of tumors exposed to 50 mg/kg, and low-level induction in 
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Fig, 2 Tumor growth curves for MCF-7 C«ll* tteat«d with «ith«r drug 
vehid« {Control, □) Or with vdtyiiig doses of RllSV?? administered 
p.o. twice a day for 1 0 consecutive days {k, IS mg/kg; 50 (tlg/kg; ^ » 
100 mg/kg). Values arc mean ± SD {bars)\ n = 6. 

two of five tumors exposed to the lowest dose (25 mg/kg). 
However, there was no prclamin A detectable in any of the five 
tumors removed from animals dosed with vehicle alone. In 
contrast, efforts to detect the inhibition of &mcsylation of other 
protons, such as lamin B, HSP40, or N-Ras, did not produce 
differences between tiunors removed from treated (25, 50, and 
100 mg/kg) versus control animals (data not shown). 

In addition, we investigated markers of tumor proliferation 
(Ki-67 staining) and apoptosis (TUNEL staining and induction 
of p2l ), using control and IVlCF-7 xenografts treated for 1 0 days 
with 100 mg/kg RI 15777 (Fig* 4» A-C). The results showed that 
Rl 15777 induced a significant 1.5'fold reduction in prolifera- 
tion (percentage of Ki-67-positivc cells; F = 0.003). There was 
also a concomitant increase in apoptosis (percentage of 
TUNEL'pcsitive cellfi); this increase was statistically significaiit 
Compared with controls (P = 0,007). Levels of the cyclin' 
dependem kinase inhibitor p2l/ClPlAVAFl also increased (per- 
cental of positive cells) significantly {F == 0.024). In a dosc- 
reJated pharmacodynamic marker experiment investigating 
apoptosis at alt three Rl 15777 doses, ^optosis increased sig- 
nificantly at the 50 and JOO mg/kg levels {P = 0,027 and 0.035, 
respectively) but did not anain stati$tica1 significance at the 
lower (25 mg/kg) dose (Fig. 40). 

We also determined, in a pilot study, whether any changes 
in prclamin A expression were detectable in the PBLs of four 
patients with breast cancer from our Phase 11 clinical trial (23). 
Samples wet« collected before the start of treatment and aflcr 
patients iTCcived 300 mg of oral Rl 1 5777 twice daily every day 
for 4 weeks. In two nonresponding patients, there was no 
detectable prelamin A in either pre- or posttreatment PBLs. In 
another nonresponding patient (Fig. 5, Patient 2). there were 
also no changes in prelamin A levels. By contrast, compared 
with a blood sample collected prior to the start of treatment, 
there was clear increase in prelamin A in the 4-wcek PBL 
sample of a patient (Pig- 5, Patient /) who showed an objective 
response to Rl 13777. 
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Fi^ i Increases in prelamin A as determined by Western blotting of 
MCF-7 xenografts taken at day 1 U otw day after the final dos« of cither 
vehicle (controls) Of Rl 15777 administered p.o. twice daily for 10 
consecutive days at dose of 25, 50, and 100 mg/kg. Lan^S M for each 
group refer to individual tumors/animals. Levels of actin ate shown as 
loading oootrals. 



DISCUSSION 

R 115777 represents One of the first-'in-class inhibitors of 
FPT to enter the clinic (6). In a Phase I clinical trial using oral 
dosing twice daily for 5 consecutive days every 2 weeks, dose- 
limiting toxicities of neuropathy (one patient) and fatigue were 
observed. Although initially developed as Ras inhibitors, it is 
now apparent that the in vitro and r/i vivo antitumor effects of 
drugs such as Rn5777 may be attributable to effects on a 
variety of proteins that require post-translational modification 
by prenylation. Our studies were perfonned in association with 
an ongoing Phase 11 clinical trial in patients with breast cancer 
(23). The aims were to determine the level of f« vitro and in v/vo 
antitumor activity of Rl 15777 in the MCF-7 estrogen receptor- 
positive, wild-type Ras, wild-type p53 model of breast cancer 
and to Identify possible pliarmacodynamic markers of response 
mediated via inhibition of protein prenylation. Our Phase II 
breast cancer trial involved oral dosing with 300 mg of R! 1 5777 
twice daily in a total of 41 patients; objective responses (tumor 
shrinkage of at least 50%) were seen in 4 patients (10%) with an 
additional 6 patients (15%) having stabili^calion of disease fbr at 
least 6 months (range, 6-12+ months; Rcf. 23). 

Our results reveal that submicromolar concentrations of 
Rl 15777 (>50 nM) induce significant growth inhibition of 
MCF'7 cells in vitro when added to cells continuously for 4 
days, as assessed by cell numbers in the 5R5 assay. The 
dose-response curve for growth inhibition is relatively flat and 
possibly biphasic compared with those that we obtained using 
MCF-7 cells and the SRB assay with cytotoxic drugs (6,g^., 
cisplatin).^ The IC50 of 3 10 nM for Rl 1 5777 is somewhat higher 
than values reported recently for a panel of '^30 cell lines, 



' Unpublished dara. 
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Fig. 4 [mmunohistochcmical analyses of prolif- 
eration (based on Ki"67 staining; A\ pf apopto^ 
(based on TUNEL staining; 8% and of p21 induc- 
tion (O in MCF-7 xenografts removed from ve- 
hicle-treated {control) or R115777-trMted (100 
mg/kg administered p.o. twice ddly for 10 con- 
secutivi^ 4ay$) animals. Z>, apoptosis as deter- 
mined by TUNEL staining in cidicr MCF-7 xe- 
nografts removed from vehicle-treated {CorOroT) 
or Rl 15777-tpeated (25, 50, or lOO admin- 
istered p-q. twice daily for 10 consecutive days) 
animals. Values arc mean ± SD {b(irs)\ n = 5 
tiunDrs. 
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Z*!^, 5 Increases in prelamin A in patient PBL samples before and after 
treatment with Rl 15777 (sample; cpllcctca after patient? had received 
300 mg tw)c? daily every day for 4 weeks) in Paiieni I (who exhibited 
a partial response) and Pmtm 2 (who did not rcsponc^. In two patients 
(nonresponders), there was no detectable prelamin A in either sample. 



where IC^^ of 1-50 hm were obtained for a number of lines 
(14). However, that study u$e<} a diffisrent cell proliferation 

assay and a 4-7 <iay assay end point, it should also be noted that 
our in vitro studies did not use any added estpogen but 

relied on provision from FCS. Phaimacokinctic studies per- 
formed a£ part of the oral-do&ing Phase 1 trial showed that peak 
plasma Rl 15777 concentrations of -^2 jJLg/ml occurred 0.5-4 h 
post administration of 325 mg of drug (6). Similar levels were 
obtained afler the first dose on day I and after the last dose on 
day 6. 

At concentratiqns >l (jun (after 14 h of drwg ercposvrc), 
there was evidence of inhibition of prcDylntion, detected ZL!i the 



appcaranoe of unprocessed prelamin A by au antibody that 
leeogni^es the COOH-terminal domain. This precursor of the 
intranuclear intermediate filament protein lamin A has been 
shown to require prenylation for processing. The processing 
involves removal of a l3-amino acid peptide from the <X)OH 
terminus of prelamin A and is dependent on famesylation (25), 
Moreover, prelamin A has recently been shown to increase in 
cancer cells (including MCP-7) exposed m vitro to FTIs, includ- 
ing Rl 15777 (24). In MC^-7 cells, the appearance of prelamin 
A occurred at concentrations similar to those required for 
growth inhibition of the MCF-7 cell line in continuous exposure 
experiments. Also of note in relation to nftonitortng inhibition of 
protein prenylation in vivo is that our in vitro data obtained from 
MCF-7 cells exposed to 2 jim Rl 15777 indicate that prelamin A 
appeared within 2 h and remained detectable for up to 72 h, the 
longest time point studied. 

Notablyt R 115777 induced a signiflcimt antitumor effect 
against MCF-7 tumors grown $.c. in immune-suppressed nude 
mice. Three significant points may be derived from this exper- 
iment, (a) Antitumor activity was obtained with an established 
$.c. (advanced stage) model of breast cancer^ tumors being an 
average of '^7 mm in diameter at the onset of treatment. In 
previously reported experiments where Rl 15777 induced an 
antitumor effect in s.c. human tumor xenografts (CAFAN-2 
pancreatic, LoVo colon, andC32 mclarxsma; Rcf. 14), treatment 
began only 3 days after tumor cell inoculation, (b) Compared 
with previously obtained data in xenograft models using cispla- 
tin (27), the effect of Rl 15777 was mainly to slow the rate of 
tumor growth relative to controls rather than to induce a cyto- 
toxic reduction tn tumor volume. These tumor inhibition data 
are more consistent with those that we obtained in MCF-7 
xenografts with antiendocrine drugs (29, 30). As a consequence 
of tiiis predominantly cytostatic antitumor effect, a probable 

clinical scenario is the use of R11577? in combination with 
cytotoxic cheniothcrapeutie9 such 99 paclitaxcl, Qf note arc 
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pireclmica] studies (including in xenografts) in which, when 
combined, FTIs (including Rl 15777) and pacHtaxel produced 
additive synergistic antitumor cfTccts (32-37). (c) In this model, 
the antitumor effect of R 11 5777 was slightly greater at a dose of 
50 versus 25 mg/kg but did not improve fVirther at the highest 
dose, 100 mg/kg. This may be as a result of cither a "threshold" 
effect for the inhibition of prenylation or, because of saturable 
6iMg pharmacokinetics, limited amounts of drug reaching the 
tumor at high doses. This was also matched by a dose-threshold 
effect on !^)optosis- Interestingly, it has been reported that for 
mice bearing A549 non-$mal1 cell lung cancer xenografts 
treated with FTI-2148, contplete inhibition of famesyl transfer- 
ase itself is not necessaiy to induce inhibition of tumor growth 
(10). 

Our phannacodynamic marker investigations indicate that^ 
of the fbur proteins studied in viw>, the appearance of prelamin 
A appeared to be most sensitive to the antitumor effects of 
Rl 15777. Three other proteins known to be prcnylated (N-Ras, 
lamia B, and HSP40; Ref. 10) did not show differences between 
MCF-7 xenografts removed from RU5777-trcatcd and un- 
treated control animals. This may have been because of the 
relative quality of the antibodies (and because an increase in 
prelamin A protein, not a decrease in signal^ was bdng detected) 
or may represent a real biological effect whereby the effects on 
prelamin A are more pionoimced than the effects on the remain- 
ing famesylated proteins. These data provide evidence of inhi- 
bition Of picnylaiicn m vivo that broadly correlated with tumor 
inhibition and suggest that monitoring the appearance of prel- 
amin A as part of clinical trials with Rl 15777 may provide a 
sensitive and convenient pharmacodynamic marker of inhibi- 
tion. Furthermore, our pilot study using four paired Samples 
suggests that it may be feasible to use PBLs as a surrogate 
tissue^ we observed an increase in prelamin A expression in a 
responding but not a nonrcsponding patient when wc compared 
posttreatment PBL samples with pretreatment PBL samples. In 
this context, in a recently reported Phase 1 trial with the FTl 
SCH 66336 (5), the appearance of prelamin A as an indicator of 
inhibition of famesylation was observed in buccal mucosa cells 
of treated patients. 

We have extensive prior experience determining effects on 
proliferation (using Ki-67> and apoptosis in xenografts^ espe- 
cially MCF-7 treated with antiendocrine drugs (29, 30), and in 
clinical breast cancer biopsies (38). The results from the 
TUNEL assay revealed that R 11 5777 induces a significant 
increase in apoptotic index in vivo in s.c. MCF-7 tumors. A 
similar modest but significant increase in apoptosis has also 
been reported in mice bearing CAPAN'2 pancreatic xenografts 
treated with 100 mg/kg oral Rl 15777 (14). A higher level of 
apoptosis was observed in another mmor (C32 melanoma) as 
part of the same study. Data suggest that the P13 kinase/AiCT 
pathway va&y be a critical target for FTl^induced apoptosis in 
ecH lines (20, 39), These data suggest that the antitumor effects 
of Rl 15777 observed in MCF-7 xenografts may not be entirely 
cytostatic in nature, but that some dose-related apoptosis may 
contribute as well. In addition, a significant decrease in pro- 
liferation^ evident from staining for Ki-67 and concomitant 
with an increase in the cell cyclc-depcn4cnt kinase inhibitor 



\ was observed, By contrast, no changes In p21 



levels were observed in cell lines, including MCF-7, exposed to 
the FTI SCH66336 (24). 

Funire studies will seek to identify changes in prelamin A 
in post" versus pretreatment tumor biopsy material collected as 
part of the breast cancer trial. In addition, gene expression 
profiling, as we described recently for the HSP90 inhibitor 
17-allylamino-17-demethoxygeldanamycin (40), is being used 
with tumor biopsies from breast cancer patients receiving 
R115777. This may identify additional sensitive markers of 
response and shed further light on how Rl 15777 induces anti- 
tumor effects (e.g., the possible role oF the PI3 kinase/AKT 
pathway). Furthermore, tiierc is some evidence to suggest that 
Rl 15777 may also induce antitumor effects in vivo by an 
antiangiogenie mechanism involving endothelial cells^ vascular 
endothelial growth factor, and factor VTH (14). 

In summary, R 1 1 5777 is a potent inhibitor of cell growth in 
MCF-7 breast cancer cells; it also induced sigoificant cytostatic 
antitumor effects in a companion s.c. advanced Stage breast 
cancer xenograft model when administered p.o. twice a day for 
1 0 consecutive days. The in vivo antitumor effect was associated 
with a significant dose-related induction of apc^tosis. The ap- 
pearance of unprocessed prelamin A may provide a sensitive 
pharmacodynamic marker of response for further clinical smd* 
ies of Rl 15777 in breast and other cancers. 
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Phase I and Pharmacokinetic Study of Farnesyl Protein 
Transferase Inhibitor R115777 in Advanced Cancer 

By J. ZujewskL ID. Horak, CJ. Bol, R- Woestenbofghs, C Bowden, D.W, End, V.K. Piohx^vsky, L Chiao, RX Belly. 
A. Todd, W.C. Kopp, D.R. Kohler, C. Chow, R hkwne, F.T. Hokim, G. Larkin, R.E. Gress, R.B. Nussenblatt, 

A.B. Kremer, and K,H, Cowan 



^ujUiSSSi To delemtine the msxEiTiuni-lokrated 
dose, toxicifi«3S, and phanmicoki^vatk profile of the far- 
n«s/l protein transfeniM InhitMtor R115777 when ad- 
ministered orally laid for 5 day* every 2 weeks. 

PMtenfs andMefhodsi Twenty-seven pati^cits with a 
median age of 5S years received 85 cycl«« of Rl 1 B777 
using on Intropotient and interpati«nt dose escoUrtion 
£chemo» Drvg was administered oroHy at escaloting 
doses OS a soiuHon (25 to 350 mg bid) or os pellet 
capsu]«« (500 to 1 300 rag bid). Pharmacokmeti«s w«rc 
assessed after the fiivt dose and the kist dose adminis- 
tered during cycle 1 * 

Rcsulm l^ose-limiting toxicity of grade 3 neuropa- 
thy was observed in one patient and grode 2 fatigue 
(decrease in two performance stotti s levels) was seen in 
fow of six patients treated with 1 ,300 mg bid. The most 
frec|uenT clinicat grade 2 or 3 adverse ervents in any 
cycle included nauseo^ vomiting^ hoodiicho, fatigue/ 
anemia/ and hypotennon. Myelosuppression wdS mild 
and infrequent* Peak plasma concentrations of 
Rl 1 5777 were achieved within 0.5 to 4 hours after oral 



drug administration. The elimiitdtion of Rl 15777 from 
pkisma was biphasic^ with sequential half-live$ of 
about 5 hours and 16 hours. There was little drug 
accumulation after bid dosing, and steady-stale con- 
centrations were achieved within 2^ to 3 days. The 
pharmcKokinetics were dose proporti ort al in the 25 to 
325 mg/dose range for the orol solution. Urinary ex- 
cretkm of unchanged Rl 1 5777 was less than 0-1% of the 
oral dose* One patient with vnetestatic cokui cancer 
treated at the SOO-mg bki dose hod a 46% decrease in 
carcinoembryonk antigen levels^ improvement in caugh, 
and rodiogmphlcally stal»le ^sease for 5 months* 

C^nclusma : Rl 15777 is bioavailable ofler oral od- 
ministrotion and has an acceptable toxkify profile. Based 
upon phormocokinetic datO/ the recommended dose for 
phase fl trials Is 500 mg orally bid (total daity dose/ 1/000 
mg) foi* 5 consecutive doys fo]k>wed by 9 doys of rest. 
Studies of continuous dosing and studies of Rl 15777 in 
combinaliort with chemotherapy are ongoing. 

J Cih Oncd 18t927'94L © 2Q00 by AmericQn 
Society of CHnka! Oncology. 



THERAPIES DIRECTED agamst specific molecular 
targets offer the promise of increased antitumor effi- 
cacy with decreased toxicity. The ras proto-oneogene en- 
codes a 21 -kd guanosine triphosphate-binding protein Ras, 
which is a critical oon)ponent in cellular signal trnnsduction 
associated with cdl proliferation, differentiation, and other 
pleiotropic responses.' Activating, oncogenic, point mutations 
in codons 12, 13, and 61 of the r«j gene have been observed 
in approximaiely 30% of adult human solid tumors* including 
pancreas, lung, colon, bladder, and other tumors.*'" The 
wild-type Ras protein may also contribute to the growth of 
tumors that are driven by die aberrant activation of growth 
fector receptors and Other tyrosine-specific protein kinases.'"'** 
To function in signal transduction and malignant trans- 
formation, Ras must localize to the plasma membrane.' 
Lacking membrane-binding donr)ains, newly synthesized 
Ras requires sequential posttransladonal enzytnatic process- 
ing before membrane attachment. The initial and rate- 
limiting step involves the covalcni attachment of a 15- 
carbon farnesyl moiety via a thioether bond to a single 
cysteine positioned exactly four amino acids from the 
earboxyl terminus." This reaction is catalyzed by the 
enzyme farnesyl protein transferase. The C-terminal recog- 
nition sequence has become known as a CAAX motif to 
indicate the j-equirement for a cysteine followed by two 



neutral amino acids (A) with a C-terminal serine or methi- 
onine for recognition by farnesyl protein transferase. Far- 
nesylation is followed by cleavage of the three terminal 
amino acids by a CAAX protease." The resulting C- 
terminal famesylcystcine moiety is flinher carboxy-0- 
methylated to create the proper hydropbobicity or molecular 
recognition features to allow plasma membrane localiTation 
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within cells?^ The delineation and purification of enzymes 
involved in Ras piocessmg created the opportunity to 
downiregulatc ras function in tumor cells by preventing 
proper localization of the protein. The demonstration that 
activated, oncogenic Ras lacking the c-terminal cysteine 
lost cell-transformitig activity and the description of simple 
CAAX tetrapeptidc inhibitors of the enzyme femesyl pro- 
tein transferase focused drug discovery efforts on this 
posttranslational stcp.'^'^ 

Initial reports on the cellular effects of famesyl protein 
transferase inhibitors that were CAAX pcptidomimetics 
suggested that this class of agent selectively reverfied the 
r-fitf-transfomned phcnotype in cell lines bearing ras mutar 
tious.^^* These findings were very promising because 
polymerase chain reaction (PCR)-bascd DNA diagnostics 
were available that would allow the detection of ras 
mutations and possibly the preselection of patients who 
would be the best candidates for this r^it^-targeted therapy.^' 
However, subsequent preclinical Studies have shown the 
phannacology of famesyl protein transferase inhibitors to 
be more complex. First* famesyl protein transferase inhib- 
itors» including Rl 15777, have shown antiproliferative ef- 
fects in vitro and antitumor effects in vivo in cell lines with 
wild-type ra?.^*"^° The effects of this class of agent are 
clearly not dependent upon the presence of mutant Ras» 
although the compounds are highly effective in cell lines 
transfonned by mutant ras also.^*''*'^ Also, it was reported 
that the K-raj isoform of Ras had a much higher affinity for 
famesyl protein transferase than the H-ras or lA-ras iso- 
form.^^ Inhibitors that were competitive for the Ras sub- 
strate-binding site of the enzyme were much less effective 
in blocking K-rar fianiesylation in cell-free systems. An addi- 
tional complicating issue was introduced by the observation 
that the CVIM CAAX motif of the K-ras peptide allowed the 
molecule to be either famcsylated or geranylgeranylatcxi by 
gCfanylgeranyl protein transferase type 1 . Geranylgeranyl pro* 
tcin tzansfciase type I is quite similar to famesyl protein 
transferase but attaches a 20-carbon geranylgeranyl isoprcnoid 
moiety to substrate proteins bearing a CAAX motif with a 
terminal leucine.^ In intact cell lines bearing Krras mutations, 
alternative processing of K-ra$ by the gcxanylgeianyl protein 
transferase type 1 pathway was shown to produce resistance to 
some famesyl protein ttansferase inhibitois.^''^^ The results 
suggested that famesyl protein transferase inhibitors mi^t be 
of no practical use in the human tumor setting because Krras 
mutations account for the vast majority of ras- mutations in 
human tumors. However, it has been clearly established that 
tumors with mutant K-ras respond to this class of agent both in 
vitro and in vivo.'*'''*" 

Ironically, as the present clinical studies of RI 15777 and 
other compounds are being reported, the biochemical basis 
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for the antimmor responses obtained in preclinical models is 
under intense recvaluation. An emerging hypothesis involv- 
ing Rho B accounts for some of the discrepancies discussed 
previously. Like K-ras, Rho B can be either famcsylated or 
geranylgeranylated with isolated enzymes or in intact 
cells.*' '"^^ Famcsylated Rho B seems to cooperate in expics- 
sion of the transformed phenotype downstream of Ras 
through modulation of cytoskeletal proteins/^ Expression 
of constracts of Rho B that can only be geranylgeranylated 
seems to produce antiproliferative and antitransfbrming effects 
that are similar to the effects of famesyl protein transferase 
inhibitors.'" Vnm, famesyl protein transferase inhibitors may 
produce antitumor effects by altering the balance of famcsy- 
lated and geranylgeranylated Rho B in cells. 

Although the role of Ras in the antiturnor effects of 
protein famesyl transferase inhibitors remains ambiguous in 
preclinical studies, it will be important to assess ras gene 
status in patients entering onto studies of this class of 
compound. Although the existing data preclude the ras gene 
mutations as an entry criterion for treatment with a famesyl 
protein transferase inhibitor, clinical studies may ultimately 
find a correlation between oncogene status and responses to 
these compounds. The genetic instabilliy and complexity of 
human tumor cell lines used for laboratory studies may not 
be appropriate to the characterization of newer therapies 
with specifie molecular targeu. 

Regardless of the mechanism, it is clear that this class of 
compound produces antitumor effects in standard preclini- 
cal mmor models, including human tumor xenografts as 
well as transgenic oncomousc models."*^-^ The crux of 
modem cancer research is the translation of preclinical 
antitumor effects into effective clinical therapy. The first 
step of this translation are the phase T safety and pharma- 
cokinetic evaluations that allow selection of dose and dose 
schedules for further evaluation. Presented herein arc the 
phase I data for the first famesyl protein transferase inhib- 
itor to be evaluated in clinical trials, Rl 15777 (Fig I). 
Rl 15777 is a substimtcd quLnolone that is a competitive 
inhibitor of the CAAX pcptidc-binding site of famesyl 
protein transfemse.*** The molecule is an extremely potent 
inhibitor of famcsylation with isolated enzyme inhibition of 
lamin Bl (50% inhibitory concentfation [IC50]* 0.8 nraol/L) 
and K-ras peptide (IC^y, 7.9 nmoVL),'^^ R115777 is also a 
potent inhibitor of proliferation of intact cell lines. The IC5Q 
required to inhibit H-roj transformed fibroblasts is 1.7 
nmol/L, and the iCj^ required to inhibit pancreatic and 
colon cancer cell lines bearing K-ras mutations ranges from 
16 to 22 nmol/L.'*^ Preclinical studies have demonstrated 
that RJ 15777 has antitumor effects in murine xenograft 
models using H-ray-transformed fibroblasts** and pancre- 
atic and colon cell lines bearing K-ras mutations.^** No 
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Fig K Oienieal sfrvcturv of R1 15777 or (B)-A^(ainine(4thlDrDphenyD [V 
m«it^1H-imidaxol-5yftindfiyl^4-(3'CMoN^^ 

gross toxicity to the tumor-bearing host ha$ been observed 
at effective doses of this compound. After oral administra- 
tion of Rl 15777 to male Wistar rats and male Beagle dogs, 
plasma concentrations of Rl 1 5777 declined with a terminal 
half-life of less than 1.7 hours and 2.1 hours, respectively. 
The absolute Oral bioavailability was 9% and 66% in the rat 
and dog, respectively (Jansscn Research foundation, 
Beersc, Belgium, unpublished observations). 

PATIENTS AND METHODS 

Patient Eligibility 

Patients eligible for this trial had to meet the following criteria: 
patbologic confinnacion of advanced caiwer; no available thciapy 
proven to improve survival; )a$t dose of radiation therapy or chemO'^ 
therapy at least 4 weeks befbre study entiy <6 weeks for nitrosoureas or 
mitomycin): at least 1 5 years of flgc; Zubrod performance status of 0 or 
1; adequate hepatic function (normal bilirubin^ transaminase levels loss 
than two times the upper limit of normal); normal creatinine levels (0.9 
10 I A mg/dL for males and 0,7 to l .3 mg/dL for females); and adequate 
bone marrow function (absolute neutrophil count >I^OO//tL and 
ptatelel COuht > 1 00,000/;^,). 

Pregnant patients and laciaiing mothers were irieltgiblc, as wcrc 
patients with the following characeeristtcs: extensive prior radiation 
therapy (> 25% of bone marrow reserve); previous bone manOw 
transplantation or high-dose chemotherapy with bone mamow or 
stem-cell rescue; untreated CNS metastases; concurrent radiation ther- 
apy^ chemotherapy, hormonal therapy, or immunotherapy; coexisting 
nicdjcal or psychiatric conditions that were Itkely to interfere with 
study procedures; or known allergy to iniidazoic drugs. All patients 
were required to provide written informed c(mseni according to 
National Cancer Insdtute institutional review board guidelines. 

Patient Evahtations 

Patient evaluations included the following; complete history and 
physical examination; complete blood count with leukocyte differcni- 
tial; scrum sodium^ potassium, chloride, CO^v blood urea nitrogen, 
creatinine, calcium, magnesium^ total bilirubin, liver trunsaminuScS, 
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NOTEr Orvfl odminlstarod orally bid fer 10 dose* over 5 days ewy 1 4. 
d^, Tlie doM level 1 skirting dow wg» 25 mg ofaPy bid (total da»(y do»e, 50 
mg) iot 5 days. 



alkaline phosphatase, lactate dehydrogenase, prothrombin time* partial 
thromboplastin time, fibrinogen, cholesterol, and tri^yceride analyses; 
uTinalysb; pregnancy test (as appropriate); chest radiograph; computed 
tomography of the chest, abdomen* or pelvis ais appropriate; and 
radionuclide bone scan as appropriate. On-study evaluations included a 
complete blood count with differential leukocyte count blood chemistry 
analyses two to three times weekly and radiographic staging studies 
every 6 weeks (after three 2-week cycles of therapy). Ophthalmologic 
evaluations^ including best visual acuity, ocular history and examina- 
tion, visual fie)d screening, D-15 color testing, and contrast sensitivity 
via Pelli-Robson charts (screening tests for abr>onnalitics in visual 
fiinction^'), were performed at baseline and during drug administration. 
Patients with changes in vtuon dial could not be explained fay 
refraction or changes in the Rmcrior segment were to be evaluated with 
an electroretinogram. This extensive testing was based upon the 
involvenimt of several famesylatcd proteins on vision*** and the 
development of cataracts in one am'mal species (rats) used in toxicol- 
ogy suidies (Janssen, data on 6lc). 

Treatment Plan 

A modified phase l dose escalation schema was used as shown in 
Table L The starting dose was 50 mg daily, less than 1/tOth of the 
lethal dose in dogs. This conservative starting dose was chosen because 
of the wide interspecies variability in the bioavailability of Rl 15777 
(data on file) and the importance of the t'OS signal transduction padiway 
for normal cellular function. A conservative schedule of Rl 15777 
administration was choScn: bid oral administration for 5 days followed 
by a minimum 7-^lay period of resi per treatment cycle. This schedule 
was used because (1) toxicology data in dogs demonstrated hemato^ 
logic toxicity wi(hin 4 days of initiation of dosing with full recovery in 
14 days, (2> faracsyl transferase inhibitors liad not been tested in 
humans and acute effects of drug admtnisuration were not known, and 
(3) precl tt^ical pharttiaeo kinetic modeling predicted a half-ltfc of 9 to 
12 hours, which would allow for approximately 3 days of steady-state 
concentrations. 

During cycle 1 , in order to accommodate 24'hour pharmacokinetic 
sampling af^r first-dose administration, a single dose was administered 
on the first day, followed by bid administration for the next 4 days 
(days 2 through 5). The final (lOth) dose of the cycle was administered 

on the sixth day. 

The schema permitted ininipatient dose escalation, thereby reducing 
ihe number of patients who would be treated ai potentially subthcra- 
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pcuric doses.'*''*'* Intrapaticnt dose cSC^ibtjon to the next dose level ivas 
allowed during the second and subsequent treatment cycles provided 
that nonhcmatologic toxicity was less than grade 1 in sevwty, 
hematologic lOxicity was Icsi than grade 2 in severity in the preceding 
cycle, and no treatment delays were necessary. 

Three patients were enrolled at each dose level and ob3crvcd for at 
least 14 days before additional patients were entered at the next dose 
level. If no dose-limiting toxicity was Observed in three of three 
patients at a sin^e dose level, additional patients were entered ot the 
next higher dose level, If dose-limiting toxicity was observed in one 
piUietit, additional patients up to a total of six wet^ entered at the same 
dose level. If two patients developed doso-limitinK toxicity at a single 
dose leveK the maximum-toletatcd dose was determined to have been 
exceeded and accrual ceased at that dose level, the first cycle at a new 
doAC level was considered for dose-lhnitmg toxicity (whether entering 
trial at that dose level or escalating to that dose level). Subseqiiently. up 
to a total of six p»ticnt*i could be entered at One dose level below. The 
maximum-tolerated dose was defined as the hi^ust dose level at which 
no mon than one of six patients experienced a dOSe-limiting toxicity 
that could reasonably be attributed to the study drug. 

Toxicities were scored according to National Cancer Institute of 
Canada Clinical Trial Group expanded toxicity criteria. Nonhcmato- 
logic dosc^Hmiting toxicity was defined as any grade 5 or greater 
toxicity observed during the first cycle at any dose level (whether 
entered at that dose level or escalated to that dose level), with the 
exception of alopecia* nausea, and vomiting. Hematologic dose- 
limiting toxicity was defined as the occurrence of an absolute ncutn>- 
phil count less than 50Q/piL for greater than 3 days or platelet count less 
than 20,000/^ on a single occasion observed during the first cycle. A 
treatment delay of more than 3 weeks secondary to toxicity Or failure 
to recover hematologic counts was also considered dose limiting. 

Antitumor Response 

Patients were evaluated ft>r antitumor response after three cycles of 
therapy and every three cycles thereafter in Kclcctcd patients who 
exhibited some evidence of clinical benefit. A complete response was 
defined as total disappearance of all clinical evidence of disease for at 
least two measurements separated by at least 4 weeks, A partial 
response v/ist dcfirwd as at least a 50% reduction in the siiee of all 
measurable tumor areas as measured by the sum of the products of the 
greatest perpendicular, bidirectional tneasurcmcnls without the appear- 
ance of new lesions. These parameters must have been present for at 
least two measurement periods separated by at least 4 weeks. Progres- 
sive disease was defined as an increase of more than 25% in measurable 
disease or the development of new lesions. Stable disease was defined 
as a tumor status that failed to qualify for cither an objective response 
or progressive disease. 

Drug Administration 

Rl 15777 wa.<: administered orally as an aqueous, cherry -flavored 
liquid for dose levels I through 6 (2S [0 S50 mg bid). Drug substance 
was dissolved in a solvent of purified water, hydrochloric acid, benzoic 
acid, and cherry fiavor. for dose levels 7« 8. and 9» (500 to J »300 mg 
bid) a hard* gelatin capsule formulation containing 100 mg of Rl 15777/ 
capsule became available and was used. Drug was supplied by the 
Jansjtcn Research Foundation. Patients were required to f?st I hour 
befbre and l hour after administration of Rl 15777. 
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Pharmacokinetics 

During cycle 1, a single dOSe was administered orally on the morning 
of the first day to characterize the pharmacokinetics of Rl 1 5777 for 24 
hours after a single orat dose. In addition, RtlS777 elimination was 
evaluated for up to 72 hours after the lOtb dose given on day 6. Veoous 
blood samples were drawn at 0.25, 0.5, 0.75, 1, 1.5,2, 3» 4. 6.&>I2, 14, 
16, 24, 48, and 72 hours after Rl 15777 administration. Blood samples 
were also collected during the first cycle on days 3 and 5 just before 
drug administration to evaluate whether Rl 15777 concentrations had 
achieved steady state in the blood. For each samptc> 7 mL of 
heparinizcd blood was collected and immediately placed on ice. 
Specimens were centrifuged (5 min, 2,500 X g) as soon as possible to 
collect the plasma and frozen at -70^C until analyzed. Urine was 
collected on the last day of drug administration during cycle 1 (day 6) 
to char»cterize R11S777 urinary excretion. A pre-dose urine sample 
was collected, and a 20-mL aliquot was retained as a pro-dose sample 
Patients' complete urinaiy output during a 1 2-hour interval was 
collected. The urine was mixed, the volume and pH were measured, 
and the sample was frozen at --20*C until assayod. The plasma and 
urine samples were alkalinized (0.1 moI/L sodium hydroxide), ex- 
tracted with heptane-isoamyl alcohol (90:10, v/v), and analyzed using 
a reverse»phase high-perfbrmancc liquid chromatography column lO 
cm X 4.^ mm internal diameter) packed with 3-/tm-piarticlo-sired CI 8 
BDS-Hypersil (Hypersll. Cheshire, United Kingdom). The mobile 
phase was 0.01 mol/L ammonium ecetate-acetonitrile (52:48) at a fiow 
rate of 0.8 mUmin. The chromatographic peaks of Rl 15777 (retention 
linfHi approximately 4.3 mir) and the internal standard (R12I550, 
retention time approximately 63 min) were quantified using ultraviolet 
detection a 240 nm. The mean overall coefficient of variation, as 
obtained from independently prepared quality control plasma samples, 
was 6,7% at 14,? ng/mL, 7.1% at 124 ng/mL, and 7.1% ai 2,064 
ng^. Urine concentrations of Rl 15777 were determined before and 
after hydrolysis with beta-glucuponidase (from Escherichia coU). The 
validated quantification limit of Rl 15777 in urine was 1.0 ng/mL 
before hydrolysis atid 20 ng^mL after hydrolysis. The following 
pharmacokinetio parameters were cakulated by standard procedurca^': 
maximum plasma concentration {C^^), time to maximtjtm plasma 
concentration (t„„J^ minimum concentration in plasma (C^^i^; trough 
concentration), area under the plasma concentration verstts tinte curve 
over a 12-hour dosing interval calculated by trapezoidal sunmiation 
(AUC,2h)» elimination half-life (t,^X and percentage of dose excreted 
in the urine. The accumulation ratio was calculated as the AUC]2h >^tio of 
day 6 and day t. The pharmacokinetics of 27 patients were determined. 
However, the data of one patient at 1,300 mg were incomplete. 

To determine the pharmacokinetic parameters that coukl predict the 
occurrence of certain adverse events related to the intake of Rl 15777, 
the ftjilowing evaluation was perfonned. The pharmacokinetic param- 
eters Ch«„ AUCijSd (day 1), and AUC^SS (day 6) were tested as 
predictors for the occurrence of nausea, vomiting, diarrhea, and fatigue. 
A logistic regression analysis was performed by fitting a generalized 
linear model with a binary link to the data. The logistic regression 
model allows the binary data to be converted into a continuous 
relationship between measures of dru£ exposure and the probability of 
developing a certain adverse event Adverse events were coded us 
binary respon-ie variables (yes or no) without Uking Jnto account the 
severity. The model was parameterized via (i> the predictor value 
corresponding to 50% probability of having a certain adverse event 
(P50) and (ii) the sigmoidicity parameter, which reflects the steepness of 
the probability versus predictor curve (n). The be&t estimates of 
parameters and their SEs were obtained via a bootstrap analysis. The 
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number of bootstrap replicarions was 1,000. The S-PLUS package 
(Probability, Statistics, & Infomatiod, Seattle* WA) was used thrgugh- 
OUt the analyfnsv. 

Flow Cytometric Analysis 

Lymphocyte popularions were analyzed by three-color flow cytom- 
etry at five time points in the first three cycJes of treatmeDt, Peripheral 
blood, collected in sodium heparin, waa stained at ambient temperature 
with a panel of antibodies, lyscd using Optilyse C lyslng solution 
(Coulter Coqjoration, Opalocka^ FLX washed with Dulbccco's phos- 
phate-buffered saline (BioWhit«ker» WelkcrFville, MD), and analyzed 
on a Coulter XL flow cytometer (Coulter Corporation, Hialeah» FL). 
Total leukocyte populations and lymphocyte itubpopulations were 
analyzed using the following antibody combinations: I^Ol/IgG^a/ 
CD3* CD45/CDl4/fCD3> CC>4/CD$/CD3, CD20/CD19/CD3, and CD3/ 
CD16*CD56/CD8. Commetcial sources for antibodies included Bec- 
ton Dicldnson Imnnunocytometry Systems (Mountainview, CA), Caltag 
(Buriingame» CA), Phamungen (San Francisco, CA), Sigma (Si Louis» 
MO)r Bod Immunoteeh (Marseille, France). B ccftg were defined a& 
CD3"CD19"^CC)20^, natural killca- celk as CDS'CDieVCDSe*^* 
CDS cells as CDS-^CDg-". and CCW cells as CD3-^C!>4*. Proportiotis 
of CD*5RA and CD45RO (naive v activated/^memory cells) within the 
CD4 population were determined by staining cells with three antibod- 
ies* ac<iviiriAg the lymphocyte population, and gating during analysis on 
CD4'^ cells only. Determination of total cells/^L CKpressiOg a partic- 
ular phcnotype was calculated by multiplying the total WQC count, a^ 
detcnnined using a Coulter counter, by (be frequency of that population 
in the lymphocxte gate and the fraction of total WBCs included in tbc 
lymphocyte ^tc. Lymphocyte populations were compared at the five 
time poiMS using the Wilcoxon rank test for nonparamctric assessments 
of paired data (Statview S.O: SAS lostitute Inc, Cary> NC). 

Analysis of Has and Prenyl Protein Processing 

Lymphocyte samples comaioit^g approximately ! X 10^ cells were 
obtained before administration of RU 5777 and at the end of the S-^day 
treatment period. Samples were also obtained from healthy untreated 
volunteers to control for cell preparation and Storage. Lymphocytcs 
were ^red f«zei> as pellets before prenyl protein proccsfimg was 
analyzed essentially as described.^^ Briefly, lymphocyte pellets were 
resuspended in 0.5 mL of sontcation buffer consisting of 20 mmol/L 
H^P^S, I mmoI/L £DTA, I mmol/L M^CIs* 1 mmol/L dithiothreitol, 
I mmoVL phenylmethylsulfonyl fluoride, and 2 pjnol/L pepstaiin. The 
cell pellets were ly^ by sonication for 20 sceorKla. Tbc lysates were 
centrifugcd at 100,000 X ^ for 60 min. The resulting supenutants were 
troDsferred to mtcrofuse tub«» and the pellets were rcsuspendcd in 0.5 
mL of sonication buffer. Protein determinations were performed on 
5-$xL portions of supetnatants and pcHets, and samples were diluted to 
eqaal protein concentrations in Laemmit sample buffer. Samples (10 to 
15 ptL) were separated by electrophoresis on (0% to 20% gradient 
sodium dodecyl sulfetc polyacrylamtde minigeU and transferred to 
polyvinylidene fluoride metiibrancs. The membranes were incubated 
Dvemi^t at 4°C with primary antibodies. Primary antibodies from 
Calbiochem (La Jolla. CA) (lamin Bl and pan-Rns Ab-3) and Snnta 
Cruz Biotechnology (Santa Cruz, CA) (ftho S) were used for the 
Western blot analysis of these prenylated proteins. The immunosiained 
antigens were visualized using horseradish peroxidase*conjugated 
secondary antibodies and the Amersham £CL-cnhanccd chcmilumi* 
ne$eertt detection system (Amefftham, Buctctnghamsihtrc, United ICing- 
dom)» 
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ras Mutation Analysis 

Paraffin sections of primary tumors or metastatic sites were ana- 
lyzed. The first section (4 jitm) from each block was stained with 
hematoxylin and eosin and examined by a pathologist to confirm the 
presence of cancer and to determine the extent of tumor on the slide. A 
series of lO-^urt sectiotis were cut for mutation analysis. To minimize 
possible contamination between samples, the microtome was cleaned to 
remove excess paraflfin and a new blade was used between samples. 
DNA was extracted from one or more of the remaining sections, and 
samples were analyzed for the presence of ras by a nested PCR. 
protocol, followed by restriction ^gment length polymorphism 
(RFLP) analysis. Restriction enzymes were selected such that wild-type 
tas seQuences were clcavedr leaving an intact gel band of the expected 
size when a muiaiion was present Cell-line DNA from both wild-type 
and, where available, mutant ras were used as controls. This itested 
PCR/RFLP method iran detect mutations at 'H-roJt intron D and all 

and N-nv mutations at codons 1 2, 13, and 6 1 (except for 
codon 13» which is an extremely rare mutation). Studies with cell-line 
DNA indicated tbat this protocol detects one mutaiu allele in a 
background of 10 wild-type alleles. 

RESULTS 

Patient Characteristics 

Twenty-seven patients were treated in this pha&e 1 study. 
Padent chsractc:n&tic£ are listed in Table 2. 

Adverse Events 

Table 3 includes all adverse events observed during cycle 
1 of therapy considered possibly, probably, or very likely 
related to Rl 1 5777. Dose-limiting toxicity was observed at 
the K300-mg dose level in one patient who had a prior 
histoiy of mild peripheral neuropathy attributed to pacli- 
taxcl chemotherapy, During cycle 1, she developed severe 
burning in her lower extremities, oral cavity, and vaginal 
area. The pain rtquiitd opioid analgesics and resolved 
within 24 hours after withholding of the drug. There were 
no signs of stomatitis ot: vaginitis on physical examination. 
The same patient experienced similar but less severe symp- 
toms during her next treatment cycle at a reduced dose (800 
mg bid); however, severe (grade 3) symptoms recurred 
during her third cycle of therapy at 800 mg bid. 

Although not defined as dose-limiting, clinically signifi- 
cant fatigue was observed in patients treated at the higher 
dose levels (800 mg and 1,300 mg bid). Widi National 
Cancer Institute of Canada criteria, grade 2 fatigue (two- 
level decrease in performance status) was observed in one 
of three patients who received 1,300 mg bid during the first 
oyeie of therapy and in four of six patients treated at 1300 
nog bid during any cycle (Table 4). 

One patient developed a grade 2 increase in his serum 
creatinine level during his second treaunent cycle. The 
patient's baseline cnsatinine level was 1. 1 mg^dL. He 
received the first cycle of RH 5777 at $00 mg bid without a 
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Table 2. Patient ChoroctBristics (n " 27] 



Ag», yCQr» 

Median 
Sex 



58 
27-78 



Female 
Dkignosis 
Coforectol conisv 
^naaS cancer 
OtW* 

^4o prior iKerapy 

1 '2 prior regimens 

Prior hormone/immune 
therapy 

1 prior rcgiinen 

7 or more 
Prior rodiotion therap/ 
Zubrod performance (lotvs 
0 
1 

K-ras codon 1 2 Icoton) 
K'fos codon 61 |liver| 
Negarivo 
Not ovoHoble 



13 
14 

11 
7 
9 



12 
14 



8 

3 

17 

5 
22 

2 
1 

20 
4 



'Other diagnosot were rhobdomyQwrcoma, non-Hbd^Vi lymphoma, 
edenoeercmomo oF unknown primary, sarcomo [not otKerwtw spodfiod), 
esophogeal carcinofTio^ goltbloddsr corcinoniQ/ hcpatofTTP^ (n^ortomo^ and 
nen-smeijl-cftfl lung eofieer. 



signijEicant change in his serum creatinine level. During 
cycle 2, m which RI 15777 was administered at 1,300 mg 
bid, his creatinine level increased to 3.3 mg/dL on day 6. 
His creatinine level had nomnaltzed by day 30. He received 
cycle 3 at the 800-mg bid dose without event. Evaluation of 
urine sediment during cycle 2 was remarkable for rttnal 
epithelial cells consistent with an acute tabular injury. 
Proteinuria was not significant. Other causes of renal 
dysftwiction (eg, contrast dye administration, nonsteroidal 
analgesics, hypotension) and predisposing factors for renal 
dysfunction were excluded. Eight additional patients were 
noted to have increased creatinine levels in this study. In 
five of these eight patients, grade 1 creatinine elevation was 
noted and considered at least possibly related to R 11 5777 
(three patients at the 1 ,3G0-mg bid dose level) one patient at 
the 800-mg bid dose level, and one patient at the 200-mg bid 
dose level). In one of these five patients, examination of the 
urinary sediment was also consistent with acute tubular 
injury during the first cycle at 1,300 mg bid and during a 
subsequent cycle at 800 mg bid. In three patients^ other 



causes were thought more likely to account for the creati- 
nine elevation (obstruction due to malignant disease in two 
patients and an Inferior vena cava thrombosis in one patient). 

Another prominent adverse event was nausea and vom- 
iting. At dose levels 1 througih 6, an oral liquid fbimulation 
was used. This liquid had an unpleasant taste, and nausea 
and vomiting were frequently reported. Although the cap- 
sule formulation was tolerated better than the liquid fonnu- 
lation, at the higbest dose levels, the capsule formulation 
was also associated with grade 1 and 2 nausea and vomiting. 
Twenty of 27 patients required antiemetic therapy. The 
choice of antietnctic was made at the discretion of the 
prescribing physician. Drugs used included ondansetron, 
granisitron, prochlorperazine^ mctoctopromide, lorezepam, 
and prontethazine. 

One patient with a baseline history of migraines treated 
with 125 mg bid experienced a grade 3 headache during her 
first cycle of therapy. This headache was similar in character 
but more severe than her prcstudy headaches. She was able 
to continue treatment without subsequent events. 

Minimal hematopoietic toxicity was observed in this trial. 
One patient treated with 50 mg bid expcricnocd grade 3 
neutropenia. This patient had multiple prior therapies for 
breast cancer, including radiation. A review of her complete 
blood counts obtained before study drug administration 
demonstrated inteimittent grade 3 neutropenia. This patient 
continued to receive study drug at the samc dOSe level with 
resolution of her neutropenia. 

A second patient with a baseline platelet count of 
103,0CX1/^ developed grade 2 thrombocytopenia (72,000/ 
fxL) during cycle 1 of Rl 15777 at the 1^00-mg bid dose 
level. This patient also experienced grade 3 peripheral 
neuropathy requiring a dose reduction. She was able to 
continue therapy without delay at the 800-mg bid dose level 
with resolution of her thrombocytopenia and no subsequent 
recurrences of thrombocytopenia. 

Eight patients required RBC transfusions during this trial. 
Ail patients requiring blood transfusions had received prior 
therapy for their advanced cancer and had multiple blood 
samples drawn for pharmacokinetic studies and toxicity 
monitoring. 

Several famesylated proteins are important in mainte- 
nance of retinal cytoarchitccturc and photoreceptor struc- 
ture"; therefore, all patients were carefully evaluated for 
ophthalmologic abnormalities. No abnormalities were noted 
in D-15 color vision and contrast sensitivity testing. Two 
patients had Small unilateral visual field defects while on 
therapy, in one patient, the visual field defect resolved 
during continued Rl 15777 therapy. In the second patient, a 
possible defect in the samc area was noted at baseline that 
became more apparent after initiation of therapy. Both 
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NOTE. This table incfudes the number ol poHents who experienced loxicity, af maximum grade per potiefir, Of «och dosc l«ve) during their ttrsT cycle of therapy. 
Thrw potient* rewivwJ cycfc 1 of each dose Icwel. Toxkitiw eonjidefed possiWy, prohtiiljr, or very likely related to study drug. 



patients were asymptomatic. Retinal examinations were 
remarkable for the development of abnormalities during 
drug administration in four patients, including cotton wool 
spots and small retinal hemorrhages (two patients), small 
hemorrhage (one patient), and Roth's spots (one patient). 
Those four patients also had a history of diabetes, hyper- 
tension, or anemia. All patients were asymptomatic, and the 
ophthatmologic findings were thought to be consistent with 
those observable in a chronically ill population. No new or 
worsening cataracts were noted in this trial 

Several serious adverse events were observed during this 
trial that were not considered related to the study drug. One 
patient with history of pulmonary embolism developed an 
inferior vena cava clot at the site of an inferior vena cava 
filter. He was taken off study and treated with anticoagulant 
therapy. One patient with melanoma and a prior history of 
brain metastasis treated with radiation therapy experienced 
an unwitnessed seizure. Subsequent magnetic resonance 
imaging revealed new and enlarged brain metastases. One 
patient with a history of hypertension experienced an 
episode of confusion. Imaging studies were consistent with 



a new small cerebral hemorrhage thought secondary to 
hypertension. One patient developed a small pericardial 
effusion and atrial arrythmia thought to be related to 
progressive malignant disease. 

Pharmacokinetics 

R1 15777 was rapidly absorbed, with peak plasma con- 
centrations reached within 0-5 to 3 hours after administra- 
tion of the oral solution and within 1.5 to 4 hours after 
administration of the pellet capsules. Pharmacokinetic pa- 
rameters are shown in Table 5. Representative concentra- 
tion-time profiles of (mean ± SD) Rl 15777 are shown In 
Fig 2 for a patient receiving 125 mg bid administered as an 
oral solution and 500 mg bid administered as a capsule. 
Within the 25- to i;JOO-mg bid dose range, Cniax values 
ranged from 93.0 to 3,585 ng/raL on day 1 and from 59.2 to 
2,946 ng/mL on day 6» and AUC,2h values ranged from 289 
to 13,531 ng - h/mL on day 1 and from 315 to 15,724 ng • 
h/mL on day 6, On day 6, C^in values ranged from 6.7 to 
363 ng/mL. The elimination of Rl 15777 from plasma was 
biphasic. The half-life associated with the first elimination 
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Tpble 4. TftxieFHes Rftlaled to R1 15777 Durfng All Cycles by Dose Levet (a = 95 cycM 
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NOTE Thii table inelud» (he number oF patients wbo experienced toxtcilies greater than grade 1 < at maximum grade per poHcnt, thot wci>e coniidered poiubfy, 
probobly, or very litcty rclqtcd ftgdy dryg, ot cocK do» dufSng oil ^cles of ibertipy. Ttie 500-fng level incMas toxicifies observed In paltenh receiving tfi9 
500-mg capsule formulation or the 525-mg liquid formutoHon. The 800^ level inctudes toxioh'es observed in poHcnts i^eiving th« fe«^ving dOO-mg eopiufe 
formulotiOrt ond tht 9^mg liquid fermuIoHon «f Rl 1 5777. Patient} experiencing toxicHies at mora than one dose lovet ore reported ai all dose leveU o) whkh 
the toxicity wos ob&erved. Three patients received three cydes at the 25-mg dose> ond there were no gr^de 3 or 4 gdv^r^c cvcnt» ab»7rVBd. 



phase was 5.27 + 3.24 hours (SEM + SD) for the oral 
solution (n = 17) and 434 + 1 .4 hours for the pellet capsule 
(n = 9), The temf^inal half-life associated with the second 
phase of elimination varied with the ability to quantify 
Rl 15777 in plasma. Its median value was about 16 hours. 
Steady-state conditions were obtained within 2 to 3 days of 
bid dosing. The accumulation ratio was 1,09 + 0.28 for the 
Oral solution and 0.92 -f 0.20 for the capsule and indicates 
little accumulation of Rl 15777 after a S-day bid dosing 
regimen. 

Plots of the individual values of Cj^^^ and AUCi^,^, 
evaluated after the first dos^ on day 1 and the last dose on 
day 6» versus the administered dose of Rt 15777 (Fig 3) 
indicate a consistent dose-proportional increase in the 25 to 
325-mg dose range for the oral solution. For the capsule, a 
dose-proportional increase was observed in the 500- to 
U300-rt\g dose range after the first dose on day 1. However^ 
at day 6, AUC,3t, and C,„„ seemed to inercase less than 
dose proportional. Since vomiting occurred only during one 
out of 1 1 assessments for the pharmacokinetics of the 800- 



and l«300-mg doses^ it is not likely that the deviation from 
dose proportionality is the result of drug loss from emcsis. 
The data also suggest that the bioavailability of the capsules 
is less than that of the oral solution. Furthermore, the data 
suggest substantial interindividual variability in the oral 
bioavailability of Rl 15777. 

The urinary excretion of unchanged RU5777 (n = 15) 
was negligible, as less than 0.1% of the administered oral 
dose was excreted in the urine as unchanged drug. In 
addition, 16.5 ± 12.2% (mean ± SD) of the administered 
dose was excreted in the urine as the glucuronide conjugate 
of Rl 15777. 

The estimates of the logistic regression model param- 
eters, as listed in Table 6, related frequently observed 
adverse events with pharmacokinetic parameters. Ac- 
cording to the model, fatigue was the only response for 
which the probability of occurrence could be predicted 
reliably on the basis of C„yjx ^nd AUCs. The AUC,,h(ss) 
corresponding to a 50% probability to develop fatigue 
was estimated at 4,210 ± ),390 ng - h/mL (mean ± SD). 
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Table 5i Phonwocoki'ielic Foranwters 



Oral Solution 
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SO mg 
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125 fng 


200 
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Da/1 














^ma» hours 


0.8 X 0.3 


1,4 ±0.6 


1.1 £0.4 


1.5 £ 0.7 


1.3 ±0,3 


1.8 2 1 
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\^ ±6A 


266^90 


264 £ 140 
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712 ±474 


2>045 £ 933 


AUCijh, ng • h/mL 


470 2: 254 


1,005 ±258 


1,021 ± 615 


2,475 £ 690 


2.616 :r 1,541 


8,691 ± 4,045 




£.6 ± 2.0 


5.0 £ 1,3 


9.1 £ 6.4 


4.4 ± K9 


4.9 ± 1.4 


2.7 £ 0.2 


[>:iy6 
















1.1 £0>i 


1.4 i 0.3 


2.2 it 1^ 


1.9 ± 0.3 


1.5*0,5 


1.8 £0.3 


Cmift/ ng/ml 


10.0 ± 3.0 


24.0 - 15.0 


28-0 £ 6.0 


84.0 38.0 


66.0 ± 46.0 
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ng/mL 


123-87 
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274 ± 51 


528 £ 102 


778 £470 


1^49 ±663 


AUCiai., ng-Ji/mL 


506 ± 273 


M08 £ 507 


1.207 £ 330 


2,537 a: 396 


2,940 ± 1^ 


7,651 ± 3.070 




12.4 ± 13.8 


1Z8±8.5 


11.5 £ 4.7 


20.7 ± 7.5 


58.3 ± 48.4 


18 ± 7.7 
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l.l iO,2 
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3T.5 2: 17.1 
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13.0 
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I.0£0.2 
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NOTE. Phanrwroltinertc poremcter* [rrwon ± 50. n - 3 |>er di»« lev«t or wtien 5D \% omitlH, n - 2) of Rl 1 5777 In paltenrs wfrh odvonced incurable concar 
were evaluated in 1 after the finf dose on day ] and a&er the tost dose on doy 6. Rl 15777 was given bid os an oral soluHon (25 to 325 mg) ond os pettvt 
copsules (500 to 1 ,300 mg). 



The mo<Jel prediction for nausea had a borderline signif- 
icance. Vomiting and diarrhea could not be related to any 
of the pliarnnacQkinetic parameters. 

Floy^ Cytometric Analysis 

The effect of famesyltransferase inhibitors on T-, and 
tiatural killer-cell papulations was assessed by flow cytom- 
etry. To assess changes in the threshold for activation of the 
cells, the expression of early and late activation markers 
(CD69 and HLA-DR, respectively) and CD45 isoform 
markers of naive and activated/memory subpopulations was 
examined in CD4 populations. Finally, atypical CDS pop- 
ulations expressing CD57 and lacking in CD28 expression 
expand after chemotherapy or transplantation, in human 
immuftodefliclency virus and in the extreme elderly, in a 
process that may reflect terminal differentiation of chroni- 
cally activated cells.^^** These CDS subpopulations were 
therefore assessed. 

Flow cytometric analyses were performed at five time 
points: pretreatment (cycle 1, day 1), end of the first drug 
treatment (cycle 1, day 6), end of the first cycle (cycle 1, day 



14), end of the second cycle (cycle 2j day 14), and end of the 
third cycle (cycle 3» day 14). All 27 patients were assessed 
before the start of therapy, 21 were assessed through the end 
of two cycles of treatment and recovery, 16 were assessed 
through three cycles, and two were observed after four and 
six cycles. 

The absolute numbers (cells/juL) of all peripheral-blood 
lymphocyte populations assessed (CD4, CDS, total CD3, B, 
and natural killer cells) decreased during the flrst 5-day 
treatment period (PICD4] = .047. PfCDS] .01, i> [natural 
killer] = .001, P [B] = .36) but recovered to pretreatment 
levels by the end of cycle 1 or cycle 2. T-cell subsets and 
B-cell populations at the end of the third cycle (cycle 3, day 
14) were reduced 30% to 35% compared with pretreatment 
levels (^04] ^ .001, P[CD8] = .001,/tnatural killer] 
-08. P[B] = .007) but remained within normal adult ranges. 
The reduction in numbers persisted in the two individuals 
observed for longer periods. The drop in T and B cells was 
associated primarily with a decrease in the overall fre- 
quency of lymphocytes from an average of 21% ± 2.3% at 
baseline (cycle 1, day 1) to 16.6% ± 2.3% at cycle 3, day 



Received from < 858 720 5125 > at 2/5/02 2:44:19 PM [Eastern Standard Time] 



FEB 05 2002 1 1 : 3G FR MOFO SPN DIEGO 



858 720 5125 TO r'475tt24004tt20524 P 




14; this coTTesponded to an average decrease in the total 
number of lymphocytes from 1,454 ± 166 cclls/^ to 
1.026 ± 1 14 cells//itL. The total WBC count did not change 
significantly (7.3 ± 0.71 X IOV/jlL v7,l ± 0.77 X 10^/^L) 
at these time points. Thus, although a 14-d3y period was 
sufficient for recovery of lymphocyte levels after the first 
two cycles, it was not sufficient for the third. 

The percentages of T-cell subsets and B and natural 
killer cells within the total lymphocyte population re- 
mained remarkably constant throughout the study. Fur- 
thcrmorc, the frequency of expression of activation 
markers (HLA-DR), of naive and memory phenotypes in 
CI)4 cells, and of atypical chronically activated CDS 
cells remained consistent within each patient This lack 
of changes in subpopulations of T cells would be consis- 



tent with either altered trafficking of lymphocytes within 
the peripheral blood or with a nonspecific loss of lym- 
phocyte populations. 

Anafysis of Has and Prenyl f^rotein Processing 

The processing of the prcnylatcd protein lamin Bl, Ras, 
and Rho B was studied in lymphocytes using a technique 
initially developed to study the effects of famcsyl protein 
transferase inhibitors In tumor cells in tissue culture. The 
method measures levels of prenylated proteins in particulate 
membrane fractions and the appearance of unprenylated 
proteins in the soluble, cytosoUc fractions. Strong signals 
for Rho B and Ras were observed in all particulate mem- 
brane fractions. Levels were not decreased by treatment 
with high doses of R115777 (500, 800, and 1,300 mg). 
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There was no appearance of Rho B in soluble fractions after 
treatment with R,l 15777, an observation consistent with the 
posttranslational modification of the protein by gera- 
nylgeranyltransferase. Evaluation of soluble, unfamesy- 
lated Ras revealed that an antigen appearing randomly in 
patient and healthy volunteer samples cross-reacted with 
the pan-Ras antibody. The cross-reactivity seemed to be 
associated with erythrocyte contamination and hemolysis 
in samples. This prevented an accurate assessment of 
soluble unfarnesylated Ras, However, there was no 
evidence of a treatment-related increase in soluble Ras in 



the samples. Lamin Bl immunoreactivity was at the 
limits of detection and could not be reliably measured. It 
is known that lamin Bl expression is restricted to certain 
tissues and predominates in proliferating tissues.^^ The 
low levels of lamin Bl compared with those obtained in 
cell lines grown in culture may reflect the lack of cell 
proliferation in the pcriphcral-blood lymphocyte com- 
partment. Although peripheral-blood lymphocytes may 
be attractive for monitoring the effects of prcnylation 
inhibitors because of their accessibility^ the lack of cell 
turnover nnay preclude their utility in biomarker studies. 
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Table 6. 


EstimolH and SEs of Parameters of the Logistic Modet Rfted ro AH CambtnaHons of Respon«e» and Predknm 
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AUC»2 (sd) 
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12800 
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1.48 


0.611 
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Pse 
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1.62 
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AUC12 N 


ng ' h/fnL 


p» 


4230 


1450 


.00717 


n 


1.54 


0,661 
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Antitumor Response 

Twcnty-scvcn patients were treated on this phase I trial. 
Two patients did not complete a total of three cycles (6 
weeks) of therapy for reasons other than di&case progression 
(one patient for noncompliance and one patient for devel- 
opment of inferior vena cava thrombosis) and were not 
evaluated for a response. By the end of 6 weeks of therapy, 
17 padents had developed progressive disease and therapy 
was discontinued. Among eight patients who had had stable 
disease after three cycles of therapy, four continued therapy 
with R 11 5777 and their disease remained stable for 2 to 5 
months. One patient with metastatic colon cancer involving 
the mediastinum and lung experienced improvement in 
symptoms (decreased cough) and a carcinoembiyonic anti- 
gen decrease from 2,991 to 1,626 ng/mL. This patient 
developed pro^^sive disease after 5 months of Rl 15777 
therapy. 

DISCUSSION 

This phase I trial attempted to determine the maximum- 
tolerated dose of Rn5777 when administered orally twice 
daily for 5 consecutive days followed by 7 to 9 days of rest. 
The maximum-tolerated dose as defined in the protocol was 



not reached and dosing was tcmninated at the highest dose 
level (1,300 mg bid; total daily dose, 2,600 mg). 

Only one dose*limiting toxicity was observed in one of 
six patients who received R1I5777 1^00 mg bid. This 
patient developed grade 3 peripheral newpathy* described 
as a painful burning sensation in the extremities, oral cavity, 
and vaginal area. Although not defined as dose limiting, 
grade 2 fatigue (decrease in two perfonnance status levels) 
was observed in four of six patients at the l»300-mg bid 
dose level and two of nine patients at the 800-mg bid dose 
level. Grade 1 10 2 increases in serum crcathiinc levels and 
urinary Endings consistent with acute tubular injury were 
noted in two patients treated with the l^OO-mg dose, which 
suggests that Rl 15777 may be nephrotoxic at high doses. 
Therefore, we recommend that patients maintain adequate 
hydration during Rl 15777 therapy and that concurrent 
treatment with agents known to cause renal tubular injury be 
avoided. Minimal hematopoietic toxicity was observed in 
this trial, possibly due to the interrupted schedule. 

Pharmacokinetic smdies demonstrate that Rn5777 is 
orally bioavailable with plasma concentrations reaching 
those necessary for an antitumor effect in preclinical stud- 
ies. Dose-proportional pharmacokinetics in the 25- to 
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325-mg dose range were noted for the oral solution through- 
out the 5-day dosing regimen. For the capsule, dose pro- 
portionality could be demonstrated in the 500- to l^OO-ing 
dose range after the first dose on day 1 but not after the last 
dose on day 6- Furthermore, the data suggest that the 
bioavailability of the capsules is less than that of the oral 
solution. However, becaiise of the hmited data and the high 
interindividual variability, more data are needed to investi- 
gate these observations. The pharmacokinetics of R 11 5777 
will be further explored in the drug development of 
RU5777 10 allow correlation of pharmacokinetic parame- 
ters with patient characteristics, disease state, liver function, 
and concomitant medication using population pharmacoki- 
netic analysts techniques. Also, other drug formulations and 
the effect of food will be evaluated Determination of the 
therapeutic level will allow assessment of the importance of 
the interindividual pharmacokinetic variability. 

No objective tumor responses were observed in this phase 
I trial, although one patient with colon cancer metastatic to 
lungs experienced an improvement in her cough and de- 
creased carcinoembryonic antigen levels, ra$ mutation anal- 
ysts was performed on tumor specimens of patients partic- 
ipating in this trial. Three of 2J tumor specimens tested 
were positive for a ras mutation. The low frequency of ras 
mutations in this study can be attributed to the small sample 
size and patient selection factors. We also had other trials 
open at our institution for patients with known ras muta- 
tions, which may also have been a contributing factor. The 
results of phase 11 studies will be necessary to correlate ras 
mutation status with clinical response. 

Although the protocol-defined maximum-tolerated dose 
was not achieved in this trial, analysis of toxicity data from 
all cycles and the pharmacokinetic data suggest that 500 mg 
bid for 5 days every 14 days is an appropriate dose for phase 
U studies. Pharmacokinetic studies demonstrate that 500 mg 
orally twice daily achieves plasma concentrations eorrelat- 
ing with an antitumor effect in preclinical studies. The most 
frequent clinically significant adverse event related to 
Rl 15777 was fatigue. Two of seven patients treated with 
800 rag bid and four of six patients treated at 1 ,300 mg bid 
reported grade 2 worsening of performance status. All 
patients had advanced cancer and virtually all of them had 
received multiple previous therapies that could have con- 
tributed to declines in performance status. Nonetheless, the 
association of increasing frequency of significant perfor- 
mance status reduction whh doses greater than 500 mg bid 
is reasonably strong. Clinical applications of this schedule 
might be in combination with cytotoxic chemotherapy, 
especially in light of the finding iha: cisplaiin and paciitaxel 
have been demonstrated to have additive to synergistic 
effects when combined with famesyl protein transferase 
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inhibitors.^** It remains to be seen whether tiic dose and 
schedule defined in this trial has utility as a chronic 
single-agent therapy, because only two patients received 
R115777 for at least 2 months. Further evaluation of this 
schedule can be addressed further in phase 11 studies with 
defined patient populations. 

Further support for phase IT testing with Rl 15777 at the 
500-mg orally, twict-daily schedule comes from pharma- 
cokinetic data showing a possible deviation from dose 
proportionality for the oral bioavailability of R115777 at 
doses greater than 500 mg after repeated dosing. Our initial 
attempts to develop a surrogate biochemical correlate to 
monitor femesyl protein transferase inhibition in peripheral- 
blood lymphocytes failed to detect changes that have been 
seen in cell culture studies. It remains to be determined 
whether the problem is associated with technical limitations 
of the assay or was due to the lack of protein turnover in the 
normally quiescent lymphocyte compartment. 

In addition to the role mutant Ras may play in proliferation 
and apoptotic resistance in fibroblastic and epithelial nuilig- 
nancies," Ras proteins also play a central role in both the 
activation^* and apq)totic pathways^' of normal T and natural 
killer cells. Maintenance of homeostasis in T^cell populations 
in adults involves a complex interplay of low-level prolifera- 
tion of peripheral cells, replenishment by maturation of new 
naive cells from the thymus, and loss of cells by apoptosis.****'*^ 
The effect of inhibition of faniesyi protein transferase on T-ceil 
homeostasis is unknown but an important concern in a chron- 
ically administered treatment Natural killer cells, in contrast to 
T cells, are relatively short-lived, but litdc is known of the 
medianisms regulating natural killer homeostasis. For these 
reasons, the effect of famesyl protein transferase inhibitors on 
T-, B-, and namral killer-cell populations was assessed by 
flow cytometry. A small decrease in the total number of 
lymphocytes was noted at the end of the third cycle of therapy 
in this trial. Although this decrease was not of clinical 
significance, these data suggest the need for momtoring of the 
lymphocyte populations in long-term or continuous-treatment 
trials with Rn5777. 

This study indicates that Rl 15777 is orally bioavailable 
with an acceptable safety profile. This first clinical trial with 
a famesyl protein transferase inhibitor suggests further 
investigations are warranted. Major challenges with this and 
other agents that are considered cytostatic are dose and 
schedule selection and sequencing in combination with 
other cancer treatments. Early clinical trials of these and 
other similar compounds should continue exploratory stud- 
ies of potential novel surrogate end points of drug effect*"* 
{for example, levels of famcsylated proteins). These smdies 
will help select optimal dosing schedules for definitive trials 
that would assess time to progression and. ultimately, 
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overall survival. It may be necessary to administer famesyl 
protein transferase inhibitors chronically or in combination 
with other therapies for maximum clinical benefit. A phase 
I study of chronic dosing with R115777 suggests that 
myclosuppression occurs at significantly lower doses than 
has been observed in this phase I trial using an interrupted 
schedule The different toxicity profiles seen with the 
intermittent versus chronic dosing schedules have implica- 
tions for sequencing with other agents that cause myelosup- 
pression. Preclinical data with various famesyl protein 
transferase inhibitors demonstrate synergy or additive ef- 
fects with the traditional chemotherapy agents^* and radia- 
tion therapy.** At the same time, preclinical data continue to 
underscore diat ras (mutated or wild-type) is not the sole 
target of femcsyl transferase inhibition *^ The fact that ras 



mutation status does not predict preclinical anticancer 
actlvity^^ suggests that phase II trials should target a wide 
variety of malignancies (including lung, breast, colon, 
ovarian, and hematologic malignancies), regardless of the 
incidence of ras mutjrtions. Studies of continuous dosing 
and studies of Rll 5777 in combination with other antineo- 
plastic agents are ongoing. 
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Famesyttransferase inhibitors represent d new class of agents 
that target signal transduction pathways respcostble for the 
proliferation and survival of diverse maJignant cell types. 
Althougi^ these agents were developed to prevent a 
processing step necessary for mernbran© attachment and 
maturation of Ras proteins, recent studies suggest that 
farnesyitransfei^e InhitMtors block the famesylation of 
additional cellular polypeptides, thereby exerting antitumor 
effects independent of the presence of activating r&s gene 
mutations. Clinical trials of two famesyltransferase 
inhibitors-the tncyclic SCH66336 and the methylquinolone 
R1 1 5777-as single agents have demonstrated disease 
stabtltzation or objective responses in 1 0 to 1 of patients 
with refractory malignancies. Combinations of 
famesyltransferase inhibitors with cytotoxic chemotherapies 
are yielding complete and partial responses in patients with 
advanced solid tumors, A phase I trial of R1 1 5777 in 
refractory and relapsed acute leukemias induced responses in 
8 (32%) of 25 patients with acute myeloger>ou3 leukemia 
(including two complete remissions) and in two of threo with 
chronic myelogenous leukemia in Wast crisis. In patients with 
solid tutnors, accessible normal tissues such as peripheral 
blood lymphocytes or» perhaps more germane to epithelial 
malignancies, buccal mucosa have provided surrogate tissues 
that allow confirmation that famesyltransferase is inhibited in 
vivo at clinically achievable drug doses. In conjunction with the 
R11 5777 acute leukemia trial, serial measurements provided 
evidence of famesyltransferase enzyme inhiWtion, Interference 
with famesyltransferase function (i^, protein processing), and 
blockade of signal transduction pathways in leukemic bone 
marrow cells. Preclinical studies of famesyltrar>3/erase inhibitor 
resistance and clinical trials of famesyltransferase inhibitors in 
combination with other agents currently are in progress, Curr 
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Molecular dissection of signal cransduccion pathways has 
not only provided a heightened understanding of che 
processes that govern cell proliferation, diftcrentiation, 
and survival but also idencified a panoply of potential 
cherapeutlc targets [1,2,3*«). Among these arc the mem- 
brane-associated small GTPascs encoded by the fam- 
ily of proto-oncogcncs. These polypepddes are synthe- 
sized as cytosoHc precursors that must attach to the cell 
membrane to transmit signals. Their membrane attach- 
ment usually depends upon the addition of a 15-carbon 
farnesyl group to a C-terminal amino acid sequence mo- 
tif known as the CAAX box in a reaction catalyzed by the 
en^me famesyltransferase [4,5]. Farnesylcransfcnise in- 
hibitors were developed on che premise that famesyl- 
transferase inhibition would prevent posttranslational 
Ras processing and» therefore, transduction of prolifera- 
tive signaJs [3»»,4-9]. However, subsequent studies sug- 
gest that the cytotoxic actions of famesyltransferase 
inhibitors might also involve other farnesylated polypep- 
tides^ including Rho B t3*»,6]» components of d\e phos- 
phoinosiddc 3-OH kinase <Pl3K)/Akt-2 pathway [10], 
and cencromeric proteins chat inccraet with microtubules 
to promote the completion of mitosis [II*]- 

Enhanced sif!;naling by Ras proteins can result from two 
disdnct processes: activating mutations or increased sig- 
naling from upstream molecules. Activating point muta- 
tions of ras genes occur in roughly 30% of all malignan- 
cies, with certain malignancies having a particularly high 
incidence. As a case in point, the incidence of K-w mu- 
tations in pancreatic cancers approaches 90%. Mutations 
in B-ras and K-r&s are detected in roughly 50% of all 
colorectal and nonsmall cell lung cancers (NSCLCs). 
Mutations and abnormal expression of ras genes, espe- 
cially arc detected in diverse hematologic malig- 
nancies as well [12»*]. Approximately 15 to 30% of all 
i/e n&vo acute myelogenous leukemias (AMLs). espe- 
cially those arising in the setting of environmental or 
occupational exposures^ exhibit N-w mutations. Such 
mutadons also occur in 10 to 15% of myelodysplasias, 
especially in chronic myelomonocydc leukemia (where 
the incidence exceeds 70%) and In cases of myelodys- 
plasia that transform to AML- Likewise, N-rzis and K.-ras 
mutations are detected in roughly 409& of cases of newly- 
diagnosed multiple myeloma [13]. In addidon to consti- 
tutive expression as a result of these mutations^ Ras pro- 
teins are activated downstream of certain protein 
tyrosine kinases (P^rK:^ ng, growth factor receptors) [14]. 

EXHIBIT E 
SN 09/687^67 



FEB 05 2002 11:39 FR MOFO ^flN DIEGO 858 720 5 125 TO^475tt24004tt20524 P. 



This coupiinK of Ras with PTK& raises ihe possibility 
that PTK-drivcn malignancies may be susceptible to far- 
ncsykransfcrasc inhibitors. This possibility is particularly 
germane for malignancies where ras mutatiorts are un- 
common but PTK-drivcn sij^nal transduction (gg, via epi- 
dermal growth factor receptors) is crucial to cancer cell 
growth and survival, as in the case of breast cancers. 

There are a growing number of fa mesy I transferase in- 
hibitors in varying stages of preclinical and clinical de- 
velopment (4,9,15»16]. Different structural classes 
include CAAX peptidomimctics, the nonpeptlde pepti- 
domimetics, farnesyl diphosphate analogues, and blsub- 
stratc inhibitors^ all of which inhibit the farnesyltransfcr- 
ase enzyme selectively and competitively. Phase I and 11 
clinical trials of diverse farnesyUransferase inhibitors, 
alone or in combination with traditional cytotoxic che- 
mothcrapcutic agents, are being conducted in the 
United States and Europe for a broad spectrum of ma- 
lignancies. This article focuses on diose farnesyUransfer- 
ase inhibitors with the greatest amount of clinical testing 
to date, the nonpeptide peptidomimeric fa roesy) transfer- 
ase inhibitors SCH66336 (Schering-Plough Corp., Kenil- 
worth, NJ) and Rl 15777 (J^^nssen Research Foundation* 
Titusville, NJ). The tricyclic SCH66336 targets H-Ras 
and to a lesser extent K-Ras [17,18], whereas the meth- 
ylquinolonc Rn5777 exerts its activities against farnc- 
sylation of N-Ras and other Ras proteins [4,19"«], 

Clinical trials in solid tumors 
Slngfe agent trials 

Phase I trials of SCH66336 and Rl 15777 as single oral 
agents have defined pharmacokinetic and toxicity pro- 
files. These agents display disparate pharmacokinetics 
but share important similarities in dose-limiting toxici- 
ties (DLl's) and clinical responses, Adjei er ai [20»»] 
administered escalating doses of SCH66336 for 7 days 
every 3 weeks in 20 patients with advanced solid tumors, 
OLT at 400 mg twice daily consisted of grade 4 gastro- 
intcsdnal toxicities and transient creatinine elevatior^s 
related to dehydration, Jeadin^; to a recommended phase 
II dose of 350 mg twice daily. One paricnt with meta- 
static NSCLC achieved an objecuve partial response, 
and an additional eight patients experiencefd disease sta- 
bilization lasting for as many as 10 cycles of dnig. Eskcns 
ft aL [31] administered SCH66336 on a continuous basis 
at doses ranging from 25 mg twice daily to 400 mg twice 
daily and observed transient and reversible dose-limiting 
myelosuppression and gastrointestinal, neurocortical, 
and renal toxicities at 300 mg twice daily. The occur- 
rence of DLTs at the lower dose of 300 mg twice daily 
relative to the 7 day schedule likely relates to the phar- 
macokinetic findings of a greater than dose- proportional 
increase in drug exposure and peak plasma concentra- 
tions witli the continuous dosing schedule. On the basis 
of phafmacokinetic and toxicity data, die recommended 
dose for phase II studies using continuous oral dosing is 
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200 mg twice daily. Similar pharmacokinetic and toxicity 
data were obtained in studies using a 2 weeks on, 2 
weeks off schedule [22], again demonstrating drug accu- 
mulation over the 2-week period. 

Phase 1 trials of Rl 15777 in patients with advanced solid 
tumors have examined a variety of dosing schedules) in- 
cluding twice daily for 5 days every 2 weeks {23], twice 
daily for 21 days every 4 weeks [24), and continuous 
twice daily dosing [25]. As with SCH66336, DLTs con- 
sisted of dose-relatcd. reversible myelosuppression (par- 
ticularly with the more prolonged dose schedules), neu- 
rologic changes (both central and peripheral), and 
gastrointestinal and renal dysfunction. Fatigue, hyper- 
bilirubinemia, and skin rashes also were detected, par- 
ticularly with 21-day and continuous dosing schedules. 
Disease stabilization lasdng longer than 5 months, asso- 
ciated with an approximately 50% drop in carcinocmbry- 
onic antigen scrum levels, was observed in one padcnt 
with mctastadc colon cancer in a study by Zujcwski ttaL 
(23] of 26 patients receiving Rl 15777 for 5 days every 
21 days. Hudcs [24] noted disease stabilization of at 
least 6 months in three of 22 patients treated with the 
21-day dosing schedule. Of 16 padents who received 
conunuous dosing, one with NSCLC achieved a pardal 
response, and two with colorectal cancers had disease 
stabilizadon with at least 50% decreases in carcinocm- 
bryonic antigen scrum levels [25]. Pharmacokinetic stud- 
ies demonstrated that R1I577 levels exhibit dose pro- 
portionality without significant drug accumulation 
or cumulative toxicities [23-25]. The phase II doses 
recommended on the basis of these phase I trials are 
500 mg twice daily for 5 days every 2 weeks for the inter- 
mittent schedule and 300 mg twice daily for prolonged 
21-day) administration, 

A single phase II trial of Rl 15777 has been reported in 
abstract form [26], Administradon of Rl 15777 at 300 mg 
twice daily for 21 days every 4 weeks to 27 women with 
advanced breast cancer resulted in confirmed pardal re- 
sponses in three patients (12%), with responses docu- 
mented in liver, lung, nodes, and skin sites. Disease sta- 
biliiation was observed in an additional nine (35%). The 
major toxicity was grade 3 to 4 self-limited myelosup- 
pression in roughly 30%, with lesser grades of paresthe- 
sias, diarrhea, skin rash, and farigue in lO to 30% of 
patients. 

Combination trials 

Preclinical studies have demonstrated that fa rncsyl trans* 
fcrasc inhibitors exhibit synergistic effects when com- 
bined with taxancs [27,28] or, in Some contexts, placinat- 
ing agents [29»]. Additive effects have been observed 
when these agents are combined with gcmcitabinc [29»]. 
Based on these results, combinations of both SCH66336 
and Rl 15777 with cytotoxic chemotherapies arc being 
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explored in pacients with rcfraccory solid aimors, with 
exciting results. 

Results of several phase I studies combining SCH66336 
with Other i*gencs have been reported in preliniinary 
form. A phase i trial of SCH66536 plus gemcitabinc [30] 
yielded partial responses in two of nine pancreatic can- 
cers* minor responses in pancreatic cancer and niesoche- 
lioma, and long-term (> 6 months) disease scabiliTacion in 
an additional 11 (44%) of 25 patients. Phase H test- 
ing will proceed with the combination of daily oral 
SCH66336 at 200 mg twice daily with weekly gemcitab- 
ine 1,000 mg/m^. The combination of SCH66336 as 
much as 150 mg Cv/ice daily and paclicaxcl as much as 
175 mg/m^ [31] has produced a striking 40% response 
rate in the first 10 patients, with responses seen in both 
creatmcnt-naivc patients and paciencs previously heavily 
treated, particularly patients with NSCLG. and including 
those who have received taxanes. 

Rl 15777 is being combined with diverse antitumor 
agents including trastuzumab (Herceptin; Genentech, 
Inc., S. San Francisco, CA) [32]; gemcitabinc alone [33] 
or with cisplatin 134]; docetaxel [35]; and capecitabine» 
the oral prodrug of 5-fluorouracil [36]. These studies ex- 
tend the provocative results detected with the initial 
phase I trials of Ri 15777 as a single agent. For example, 
the combination of R115777 on days 1 to 14 with gem- 
citabine 1,000 mg/m^ on days 1 and 8 plus cisplatin 
75 mg/m^ on day i has induced responses in 33% (five of 
15, four partial responses and one complete remission 
[CR]) of evaluable patients, with Rl 15777 as much as 
300 mg twice daily tested to date (34]. Similar results 
have been observed in 24 patients receiving Rl 15777 at 
300 mg twice daily plus docetaxel 75 mg/m^ every 21 
days, with one (4%) CR in bfe3^st cancer, four (17%) 
partial responses in breast and lung cancers, and six 
(25%) disease stabiliiuJtions with a decrease of more than 
50% in the levels of tumor-associated markers [35]. 

To dace, combination studies have demonstrated that 
SCH66336 and Rl 15777 do not alter the pharmacokinet- 
ics or exacerbate the toxicities of the chemocherapeutic 
agents or trastuzumab. Studies that continue to define 
optimal combinations, doses, and schedules of farnesyU 
crartsferase inhibitors with mechanistically complemen- 
tary agents should remain a high priority for the Overall 
clinical development of farnesyltransferase inhibitors. 

Clinical trials in hematologrc malignancies 

Hematologic malignancies present a fertile testing 
ground for agents chat target signal transduction path- 
ways, including (but certainly not limited co) Ras-based 
signaling, for several reasons. First, as noted above, a 
substantial proportion of AMLs, myelodysplasias, and 

multiple myelomas have activating ras mutations. Sec- 
ond, milny hematologic malignancies evince constitutive 



\ 

activation of growth factor receptor PTKs. cau$ed by ei- 
ther point mutations or translocations of recepcor- 
encoding genes. This receptor PTK activation leads in 
turn to deregulation of Ras activity. Moreover, Ras ac- 
tivity can be triggered by cytoplasmic PTKs, as exem- 
plified by the BCR-ABL fusion protein that typifies 
chronic myelogenous leukemia (CML). Lastly, even in 
the absence of ras or PTK activating gene mutations or 
translocations, net Ras activity could be driven by high 
concentrations of locally active growth and survival fac- 
tors. In this regard, vascular endothelial growth factor 
may be produced by the malignant cell or by the sur- 
rounding stromal cells or both, leading to ligand-receptor 
binding with PTK activation and downstream Ras sig- 
naling activity through autocrine and paracrine mecha- 
nisms [37]. To the extent that farnesyltransferase inhibi- 
tors target Ras signaling pathways, these observations 
suggest that farnesyltransferase inhibitors are reasonable 
agents to test in hematologic malignancies. 

In a phase I trial in adults with acute Icukcmias and 
CML in blastic crisis [12«»], Rn5777 was administered 
to 34 patients (median age 65 y, range 24-77 y) twice 
daily for as many as 21 days and continued for as many as 
three additional 21-day cycles if response or disease sta- 
bili2M»tion was observed- DC-T, which consisted of ataxia 
and confusion, occurred at 1,200 mg twice daily. At 
900 mg twice daily, transient toxicities occurred in six 
(55%) of 11 patients, including less than grade 2 diifsc, 
creatinine elevations, and paresthesias. Reversible my- 
elosuppresslon occurred at doses of 600 mg twice daily 
and higher. Responses were observed in eigiu (32%) of 
25 paciencs with AML, including two CRs, and in two 
(67%) of three patients with CML in blast crisis. These 
responses occurred across all dose levels. In contrast, no 
responses were seen in six patients with acute lympho- 
blastic leukemia, including three with the Philadelphia 
chromosome. Interestingly, no ras mutations were de* 
tected in any leukemi'as in this study. In summary, 
Rl 15777 induced significant clinical responses in pa- 
tients with resistant disease without major toxicities, 
even in older adults. These results lay the foundation for 
phase II cesdng of Rn5777 in high-risk AMLs and my- 
elodysplasias at a dose of 600 mg twice daily for 21 days. 

Because Ras-driven signal transduction might play a role 
in the pathogenesis and progression of multiple myeloma 
[13], there has been considerable interest in testing far- 
nesyhransfetose inhibitors in this disease. Itt vitro studies 
have demonstrated that the pcptidomimetic farnesyl- 
transferase inhibitor-277 has activity against all multiple 
myeloma cell lines tested, especially those with N-rz«i* 
mu cations, with antitumor activity being independent of 
resistance to doxorubicin or mclphalan [38]. A phase II 
trial evaluating the efficacy and safety of Rl 15777 un- 
derway in patients with refractory and relapsed multiple 



Received from < 85S 720 5125 > at 2/5/02 2:44:19 PHI [Eastern Standard Time] 



FEB 05 2002 11:40 FR MOFO SPIN DIE60 



of 



858 720 5125 TO 7475«24004tt20524 P , 46 



myeloma, with the selected dose at 300 mg twice daily to 
mitigate against any myelosupprcssion (W,S. Oakon, 
MD« PhD, oral communication). 

Biologic !na;'ker5 of farnesyltrartsferase 
Inhibitor effects 

A pivotal component of clinical trials with new agents is 
the demonstration that the presumptive molecular target 
is affected by the agent under study. In studies of far- 
nesy! transferase inhibitors, it is critical to determine 
whether famcsyltransferase is inhibited iff vwo in target 
tumor cells or in reliable surrogate tissues. Potential 
markers of die effects of farnesyltransferasc inhibitors on 
the process of famcsylation include direct famesyhrans- 
ferasc enzyme inhibition, interference with famcsyl- 
transferase funcdon {U, blockade of protein famesylarion 
with accumulation of the unprocessed protein precursor), 
interruption of signal transducuon pathways measured 
by lack of phosphorylation of crucial intermediates 
extracellular signal-related kinases as effector enzymes 
downstream of Ras) or lack of signal-driven gene tran- 
scription {eg, vascular endothelial growth factor), and 
quantification of intracellular druf; levels. 

The ease of assay performance and potential usefulness 
of diverse markers have been evaluated in a variety of 
preclinical studies. In some cases, direct measurement of 
farnesyltransferase activity as a marker of farnesyltrans- 
ferasc action is problematic, for two reasorw. First, far- 
nesyltransferase activity can be difficult to assay in ex- 
tracts prepared from some tissues, apparently because of 
endogenous inhibitors [39]. Second, because famcsyl- 
transferase inhibitors are reversible enzyme inhibitors, 
dissociation of these agents from the target enzyme 
caused by the dilution involved in preparinf; cellular ex- 
tract can, in turn, result in underestimation of the degree 
of farnesyltransferasc inhibition. To circumvent these 
problems, many studies have focused on measxiring far- 
nesyUransferase inhibition by detecting altered famc- 
sylation of farnesyltransferase substrates. Because there 
arc significant difficuldcs in dctccdng Ras proteins in 
human tumor specimens, and because both N-Ras and 
K-Ras can undergo alternative prenylation [40»*]. most 
efforts to detect inhibition of substrate famcsylation 
have focused on other polypeptides. Studies by Sincsky 
etaL (41] indicated that lamin A, a structural component 
of the nuclear envelope, is a convenient marker for far- 
nesyltransferasc inhibition because the proteolytic re- 
moval of the C»tcrminal 13 amino acids from the lamin A 
precursor is absolutely dependent upon previous preny- 
ladon. More recent studies have identified other markers 
tliat undergo a shift in mobility when prenylation is in- 
hibited, including the chape rone protein HDJ-2 [42,43] 
and the peroxisomal protein PxF [44]. Comparison of 
these potential markers in human tumor cell lines re- 
vealed that unproccMicd HDJ'2 and prcl^min A were 
readily detected when cichcr cycling or noncycling cells 
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were treated in vitro with SCH66336, farnesyltransferasc 
inhibitor-277, or Rn5777 (40»»; A.A. Adjei, MD, PhD, 
oral oommunicacion). 

These markers have been used subsequently to confirm 
that farnesyltransferasc is inhibited at therapeutically 
achievable farnesyltransferasc inhibitor concenuauons. 
In instances where it is impractical or unfeasible to ob- 
tain serial tumor biopsies, accessible norma! tissues have 
been examined. Many invesdgators have used peripheral 
blood lymphocytes for this purpose, A phase I study of 
R115777 in children with solid tumors and neurofibro- 
matosis (a heritable disorder charactefi;?ed by net Ras 
ovcrcxprcssion caused by los.'i of the gene encoding 
Ras-glutamyl transpeptidase, the enzyme responsible for 
Ras inactivation) has demonstrated a decrease in HDJ-2 
farnesylation at doses of 200 mg/m^ twice daily for 21 
days [45]. Likewise, inhibition of HDJ-2 farnesylation 
ranging from 14 to 47% of baseline values has been de- 
tected in peripheral blood lymphocytes obtained from 
adults vdth advanced solid tumors during a phase I trial 
combining Rl 15777 and capeciiabine, with enzyme in- 
hibition occurring at all dose levels of Rl 15777 tested 
(100-300 mg twice daily) [36]. 

However, peripheral blood lymphocytes may differ from 
epithelial cells in many important ways, including the 
expression of specific farncsylated proteins such as 
nuclear membrane lamins. Adjei itai, [40* •] used buccal 
mucosa as a readily accessible epithelial tissue in which 
the effects of SCH66336 on farnesyltransferasc sub- 
strates could be examined. Results of this analysis re- 
vealed that SCH66336 inhibited prelamin A processing 
in a dose-dependent manner 

More recent studies have attempted to confirm that far- 
nesyltransferasc inhibitors actually inhibit farnesylation 
in tumor tissue. In a phase IB trial of SCH66336 admin- 
istered prcopcratively to previously untreated patients 
with squamous cell carcinoma of head and neck, Kics 
et aL [46] observed farnesyltransferasc inhibition at all 
dose levels, as measured in surgical biopsy specimens by 
an 11 to 50% increase in the unfarnesylaied form of 
HDJ-2. It is important to stress^ however, that other solid 
tumors are likely to be less amenable to the repeated 
biopsies required to perform this type of serial analysis. 

By contrast^ hematologic malignancies ofTer an ideal set- 
ting in which to make serial measurements directly in the 
malignant cell cohort, in large part because of the accessi- 
bility of the target cell populadon. In this regard, the phase 
I trial of Rn5777 in acute leukemia provided the first evi- 
dence for successful inhibition of farnesyltransferasc in 
neoplastic cells m vm [12**]. Serial measurements per- 
formed on target letikcmic bone marrow cells throughout 
Rl 15777 admiruscmdon dcmonscraced chat 
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(1) Farnesyl transferase enzyme inhibition occurred ac 
doses of 300 mg twice daily or more 

(2) At doses of at lease 600 mg twice daily, Rl 15777 
blocked farnesyUcion of certain cellular proteins 
that require this biochemical modiflcacion for full 
activity (nuclear membrane lamin A and the heat 
shock chaperone protein HDJ-2) 

(3) In cells with constitutive Ras signaling as evidenced 
by extracellular signal-related kinase phosphoryla- 
tion (acdvation)t phosphorylated extracellular sig- 
nal-related kinase.^i became undetectable after 
Rl 15777 adrainistradon 

(4) Rl 15777 accumulated in the bone marrow compare* 
ment in a dose-dependent manner and reached lev- 
els equal to greater than peak plasma concentrations 
(C^aJ that were sustained througlioue the period of 
drug administration 

Resistance to 

farnesyltransferase inhibitors 

Intrinsic and acquired resifitance of neoplastic cells to 
anticancer agents is a major factor underlying the limited 
efficacy of cancer therapeutic regimens. Thus, elucidat- 
ing resistance mechanisms and designing ways of cir- 
cumventing these mechanisms arc important tactics in 
novel drug development. A few reporLS on re$i seance to 
the farnesyltransferase inhibitors have been published. 
First, a human farnesyltransferase mutant, Y361L, has 
been genetically engineered [47j. This Y361L mutant 
with an amino acid change at residue 361 of the ^ sub- 
unit exhibits increased resistance to farnesyltransferase 
inhibitors, particularly die cricyclic compounds, which 
are nonpeptide peptidomimetics. Interestingly, this mu- 
tant exhibited an increased affinity for peptides termi- 
nating with CilL, a motif recognized by gcranylgcranyl' 
transferase I. Whether similar mutations occur in the 
clinical setting remains to be established. 

A second mechanism of resistance appears to involve 
selective adaptation of cells to farnesyltransferase inhibi- 
tors. Prendergast era/, [48] described a cell line that dis- 
played resistance to the farnesyltransferase inhibitor 
L-739,749. Reduced inhibition of farnesyltransferase ac- 
tivity and farnesylation-depcndcnt protein processing 
was detected In intact ceils but not in cell lysatcs, raising 
the possibility chat the cells had diminished farnesyl- 
uansferase inhibitor uptake. Whether a similar mecha- 
nism of resistance will be observed with farnesyltrans- 
ferase inhibitors being tested clinically remains to be seen. 

A third mechanism of resistance involves activation of 
the PI,K/Akt survival pathway and has been shown to 
confer resistance to farnesyltransferase inhibitors. Over- 
expression of the antiapoptotic Bcl-2 family member Bcl- 
Xl blocks farnesyltransferase inhibitor-induced apopto- 
sis in NIH 3T3 cells {10]. Likewise, constuutively 
activated Akt can block the pronpopcoctc effects of far- 



nesyltransferase inhibitors in these cells [10]. Akt- 
induccd phosphorylation of the proapoptotic Bcl-2 fam- 
ily member BAD appears to link these observations: 
when BAD is phosphorylated by Akt, it cannot bind to 
and inhibit Bcl-X^- Thus, acdvadon of a pathway that 
involves PI^K, Akt. and BAD results in less opposition to 
the anciapopiotic effects of Bcl-Xj . Because this is a 
generic patliway that inhibits apoptosis induced by a va- 
riety of agents, cells that are resistant to farnesyltransfer- 
ase inhibitors based on this mechanism are predicted to 
be cross-resistant to a wide range of anticancer drugs. In 
addition, this pathway has been established using cell 
lines transfccted with genes encoding Specific proteins. 
Polypeptides are commonly expressed at extremely high 
levels in these cransfecdon experiments. Further studies 
are required to determine whether this mechanism con- 
tributes to resistance encountered when patients are 
treated with farnesyltransferase inhibitors in the clinic^ 

Condusions 

The farnesyltransferase inhibitors are signal transduction 
inhibitors that display promising clinical acdvity against a 
broad spectrum of malignancies. On the molecular level, 
it is clear that farnesyltninsferase inhibitors target mul- 
tiple mechanisms of cellular survival: for example, angio- 
gcncsis and inhibitore of apoptosis [l9**,37,49-5l,52*]. 
The inhibition of angiogenesis is caused, at least in part, 
by the ability of farnesyltransferase inhibitors to block 
vascular endothelial growth factor producdon by tumor 
cells and endothelial cells in response to hypoxia or other 
stimuli that trigger the PI^K pathway [10,19»*>50,51], 
Farnesyltransferase inhibitor-induced apoptosis reflects 
several mechanisms, including the ability of farnesyl- 
transferase inhibitors to prevent PIsK-driven phosphor- 
ylation and inactivadon of tlie proapoptotic BAD protein 
[10]. In addidon, farnesyltransferase inhibitors disrupt 
orderly cell cycle progression, in part tluough interfer- 
ence with the farncsyladon and function of the centro- 
mere proteins centromcrie protein-E and centromeric 
protcin-Fj which are cridcal for normal mitosis [II*], and 
in part through p53-dcpcndcnt and p53-indcpcndcnt 
cell cycle arrest at both G,S and G^M checkpoints [49]. 
These effects can occur in tumor cells without w mu- 
tations but with net Ras activation triggered in part by 
consdtutivc PT'K expression, eg^ astrocytoma cells [50], 
murine and human CML cells expressing the p210 BCR- 
ABL protein [52»], and human pl90 BCR-ABL-posicive 
acute lymphoblastic leukemia [53]. The ability of farne- 
syltransferase inhibitors to exert andtumor effects at 
least partly independent of ras mutadons extends their 
clinical applicability to the vast majority of cancers. 

What are the goals for continuing clinical development of 
farnesyltransferase inhibitors? The ability to use farnes- 
yltransferase inhibitor:} with traditional cytotoxic drugs 
or immune-based agents without incurring pharmacoki- 
netic alterations or synergistic toxicides should allow 
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combinations chat selectively targec and modulate 
nonovcrlapping pathways. The clinical testing of such 
combinations is already underway, as exemplified by the 
studies discussed. Although these studies are being con- 
ducted in established, irreversible malignancies, farncs- 
yltransferase inhibitors should be considered in two ad- 
ditional contexts. First, in light of their activity In 
refractory or relapsed AML, farncsyltransferase inhibi- 
tors should be examined in the minimal residual disease 
state {egy AML in temission). Second, the ability of far- 
nesy I transferase inhibitors to prevent the progression of 
clonal disorders from premalignant conditions to fully- 
transformed states should be studied. Several hemato- 
logic malignancies might be appropriate diseases in 
which to test this latter concept: for instance, high-risk 
myelodysplasia and monoclonal gammopachy of uncer- 
tain or borderline significance, which have defined rates 
of progression to full-blown AML and multiple my- 
eloma, respectively. It is possible to extend this concept 
CO epithelial cancers as well by testing the ability of far- 
nesylcransfecase inhibitors to interdict the progression of 
prcmaltgnant cells or cells with limited invasive potential 
(egy carcinomas in silu) into fully invasive and dissemi- 
nated cancers. The clinical trials currendy in progress 
will provide the critical foundadons for defining the op- 
timal roles of farnesyltransf erase inhibitors in the che- 
motherapy and chcmoprevention of cancer. 
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